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Du fait de leurs propriétés spécifiques, les éléments de terres rares (ETRs) sont des 
métaux devenus indispensables au développement de notre société moderne. Avec leurs 
utilisations croissantes, des modifications importantes du cycle biogéochimique des ETRs sont 
attendues alors que peu est encore connu sur leur devenir et leurs effets une fois rejetés dans 
l’environnement.  
Le cérium (Ce) a la particularité d’être utilisé sous forme de sels ou de nanoparticules 
dans différents produits d’utilisation courante (e.g. additifs de diesel, peintures). En raison de sa 
réactivité redox particulière, le Ce est naturellement peu soluble dans les eaux de surface et va 
donc principalement se retrouver dans les sédiments de ces écosystèmes aquatiques. Cependant 
les propriétés physicochimiques du Ce anthropique peuvent modifier le transport et le 
comportement de ce dernier. Par exemple, les nanoparticules manufacturées d’oxydes de cérium 
(Ce NMs) pourvues d’un enrobage peuvent présenter une stabilité colloïdale différente de celles 
naturellement formées. Les organismes pélagiques des milieux aquatiques, dont les micro-
organismes photosynthétiques, d’intérêt dans ce projet, pourraient ainsi être exposés à de 
nouvelles formes de Ce et à différentes concentrations.  
Comme il est difficile d'observer des réponses biologiques significatives pour des 
concentrations d'exposition représentatives de celles susceptibles d’être retrouvées dans 
l'environnement (< 1 µM), les impacts potentiels du Ce sur le phytoplancton dans des scénarios 
d'exposition réalistes sont encore mal élucidés. Des résultats contradictoires ont notamment été 
observés dans la littérature en ce qui concerne la biodisponibilité des Ce NMs pour les 
microalgues unicellulaires et la relation entre leurs propriétés de surface (i.e. rapport Ce (III)/Ce 
(IV), enrobage) et les réponses cellulaires. Des données quantitatives sont ainsi toujours 
nécessaires pour l'évaluation des risques potentiels du Ce pour l’Environnement.  
Dans ce projet, Chlamydomonas reinhardtii a été sélectionnée comme organisme modèle 
pour représenter les microalgues présentent dans les eaux douces. Des sels solubles de Ce, Tm, Y 
et trois types de petites Ce NMs (<10 nm) avec différents enrobages (i.e. non enrobées, 
fonctionnalisées par du citrate ou enrobées de poly(acide acrylique) (PAA)) ont été injectés dans 
des milieux aqueux simplifiés (i.e. sans phosphates) à des concentrations représentatives de celles 
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attendues dans des environnements anthropisés. La spectrométrie de masse à plasma à couplage 
inductif en mode simple particule (SP-ICP-MS) a constitué l’une des techniques analytiques de 
pointe déployées dans ce projet. Elle a permis de quantifier les formes dissoutes et 
nanoparticulaires du Ce présentent dans les milieux d’exposition des microalgues et de 
caractériser les petites Ce NMs à des concentrations similaires à celles utilisées pour exposer les 
microalgues. L’analyse de profilage du transcriptome entier (ARN-Seq) a constitué une autre 
technique émergente en nano(éco)toxicologie. Elle a permis d’identifier des gènes et voies 
métaboliques mobilisés chez les populations algales de C. reinhardtii pour s’adapter à leurs 
expositions soit à des Ce NMs soit à des sels d’ETRs pour des concentrations d’exposition de 0,5 
µM Ce, Tm ou Y en milieux contrôlés à pH 7.0.   
Les microalgues C. reinhardtii ont d’abord été exposées au sel de Ce soluble et aux Ce 
NMs afin d’en comparer la biodisponibilité et les réponses biologiques sous-létales associées. 
Les résultats ont révélé que les Ce NMs sont biodisponibles pour C. reinhardtii mais et 
produisent un stress modéré auquel ces dernières semblent s’acclimater à court terme à des 
concentrations pertinentes pour l'environnement. Des effets transcriptomiques distincts entre Ce 
ionique et Ce NMs ont également été observés. L’hypothèse selon laquelle seuls les produits de 
dissolution des Ce NMs sont biodisponibles pour C. reinhardtii a donc pu être infirmée. En effet, 
les microalgues exposées aux Ce NMs testées ont spécifiquement modulé l’expression des gènes 
impliqués dans le système ubiquitine-protéasome et la structure des flagelles. Malgré ces effets 
communs entres les Ce NMs, leur biodisponibilité est principalement influencée par leurs 
enrobages, et non par le rapport de Ce(III)/Ce(IV) des atomes de surface des NMs. L’enrobage de 
citrate a d’ailleurs particulièrement atténué les effets transcriptomiques des Ce NMs sur les 
microalgues, probablement en raison des effets bénéfiques de la désorption du citrate à leur 
surface.  
Les profils de temps-réponses (0 à 360 min.) et concentrations-réponses (0 à 3 µM) de 
gènes spécifiques des Ce NMs ou du Ce ionique ont par la suite été analysés pour vérifier leur 
potentielle utilisation en tant que biomarqueurs d’exposition des micoalgues au Ce ionique. En 
raison de leur spécificité élevée et de la linéarité relative de l'expression des biomarqueurs en 
fonction du temps sur une plage de concentrations pertinentes pour l'environnement (0,03 à 3 




étant spécifiques au Ce ionique pour C. reinhardtii. Une variabilité beaucoup plus grande des 
niveaux d'ARNm a été observée lorsque le pH du milieu variait (5,0 à 8,0). Ce résultat reflète 
probablement la complexité de la spéciation du Ce résultant de la formation d'espèces 
métastables même dans des milieux aqueux simples. 
Les effets transcriptomiques de sels de Ce, Tm, Y solubles appliqués individuellement ou 
sous forme de mixture équimolaire ont été caractérisés par ARN-Seq chez C. reinhardtii afin de 
comparer la biodisponibilité du Ce à celle des autres ETRs pour les microalgues, sachant le 
comportement atypique du Ce en solution. Les microalgues exposées au Ce ont spécifiquement 
modulé l’expression de gènes impliqués dans le métabolisme du glutamate et au repliement des 
protéines. Cependant des interactions compétitives ont été identifiées entre les ETRs 
lorsqu’appliqués en tant que mixture. Ces résultats suggèrent que l'approche des agences 
gouvernementales pour dériver des données de toxicité à partir d’un seul métal simple serait 
largement conservatrice pour les métaux de terres rares.   
Par ce projet, l’analyse des réponses transcriptomiques par ARN-Seq chez C. reinhardtii a 
permis de caractériser la biodisponibilité du Ce et d’identifier des biomarqueurs 
transcriptomiques d’exposition chez les microalgues dans différents contextes ; en présence de 
Ce NMs ou d’autres ETRs. L’intégration de tels biomarqueurs pour le développement d’un bio-
essai in situ nécessite cependant de plus amples investigations.  
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Due to their specific properties, rare earth elements (REEs) are metals that have become 
essential to the development of our modern society. With their increasing uses, significant 
modifications to the biogeochemical cycle of REEs are expected while little is known about their 
fate and their effects once released into the environment. 
Cerium (Ce) has the particularity of being used in the form of salts or nanoparticles in 
various commonly used products (e.g. diesel additives, paints). Due to its particular redox 
reactivity, Ce is naturally poorly soluble in surface water and will therefore mainly be found in 
the sediments of these aquatic ecosystems. However, the physicochemical properties of the 
anthropogenic Ce can modify its transport and behavior. For example, engineered cerium oxide 
nanoparticles (Ce ENPs) are generally coated and thus may exhibit different colloidal stability 
from those naturally formed. Pelagic organisms in aquatic environments, including 
photosynthetic microorganisms, of interest in this project, could thus be exposed to new forms of 
Ce and at different concentrations. 
As it is difficult to observe significant biological responses for environmentally relevant 
exposure concentrations (<1 µM Ce), the potential impacts of Ce on phytoplankton in realistic 
exposure scenarios are still poorly understood. Contradictory results have notably been reported 
with regard to the bioavailability of Ce ENPs for unicellular microalgae and the relationship 
between their surface properties (i.e. Ce(III)/Ce(IV) ratio, coating) and cellular responses. 
Quantitative data are thus always necessary for the evaluation of the potential risks of Ce for the 
Environment. 
In this project, Chlamydomonas reinhardtii was selected as a model organism to represent 
microalgae in freshwater. Soluble salts of Ce, Tm, Y and three types of small Ce ENPs (<10 nm) 
with different coatings (i.e. uncoated, functionalized with citrate or coated with poly (acrylic 
acid) (PAA)) were injected into simplified aqueous media (i.e. without phosphates) at 
concentrations representative of those expected in contaminated environments. One of the 
advanced analytical techniques deployed in this project was inductively coupled plasma mass 
spectrometry in single particle mode (SP-ICP-MS). It has made it possible to quantify the 
dissolved and nanoparticulate forms of Ce present in microalgae exposure media and to 
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characterize small Ce NMs at concentrations similar to those used to expose microalgae. Another 
emerging nano(eco)toxicology analysis used in this project is the whole transcriptome 
sequencing (RNA-Seq). RNA-Seq has permitted to identify genes and metabolic pathways that 
were regulated by C. reinhardtii cells when exposed to either Ce ENPs or to salts of REEs for 
exposure concentrations of 0.5 μM Ce, Tm or Y in controlled environments at pH 7.0. 
C. reinhardtii cells were first exposed to soluble Ce salt and Ce ENPs in order to compare 
relative bioavailabilities of these anthropogenic Ce forms and their associated sub-lethal 
biological responses. The results revealed that Ce ENPs are bioavailable to C. reinhardtii but 
produce a manageable toward microalgae cells who seem to acclimatize for short-term exposures 
at environmentally relevant concentrations. Separate transcriptomic effects of Ce ionic and Ce 
ENPs have also been observed. The hypothesis that only the dissolution products of Ce ENPs are 
bioavailable for C. reinhardtii could therefore be rejected. Indeed, the microalgae exposed to the 
tested ENPs specifically modulated the expression of the genes involved in the ubiquitin-
proteasome system and the structure of flagella. Despite these common effects between Ce ENPs, 
their bioavailability was mainly influenced by their coatings, and not by the Ce(III)/Ce(IV) ratio 
of surface atoms of ENPs. The coating of citrate has attenuated the transcriptomic effects of Ce 
ENPs on microalgae, probably due to the beneficial effects of the desorption of citrate on their 
surface. 
The time-response (0 to 360 min.) and concentration-response (0 to 3 µM) profiles of 
specific Ce ENPs or ionic Ce genes were then analyzed to verify their potential use as biomarkers 
of exposure to ionic Ce. Due to their high specificity and the relative linearity of the expression 
of biomarkers as a function of both time and concentration, over a range of concentrations 
relevant to the environment (0,03 à 3 µM), four biomarkers (Cre17.g737300, GTR12, MMP6 and 
HSP22E) have been identified as being specific to the ionic Ce for C. reinhardtii. Much greater 
variability in mRNA levels was observed when the pH of the medium varied (5.0 to 8.0). This 
result probably reflects the complexity of the speciation of Ce resulting from the formation of 
metastable species even in simple aqueous media. 
The transcriptomic effects of soluble Ce, Tm, Y salts applied individually or in the form 
of an equimolar mixture were characterized by RNA-Seq in order to determine the relative 




behavior in solution. The microalgae exposed to Ce specifically modulated the expression of 
genes involved in glutamate metabolism and protein folding. However, competitive interactions 
have been identified between the REEs when applied as a mixture. These results suggest that the 
approach of government agencies to derive toxicity data from a single metal would be largely 
conservative for rare earth metals. 
Throughout this project, the analysis of transcriptomic responses by RNA-Seq in C. 
reinhardtii made it possible to characterize the bioavailability of Ce and to identify 
transcriptomic biomarkers of exposure in microalgae in different contexts; in the presence of 
ENPs or other REEs. However, the integration of such biomarkers in the development of in situ 
bioassays seems limited. 
 
Keywords: Rare earth elements, cerium, engineered nanoparticles, phytoplankton, 
Chlamydomonas reinhardtii, transcriptome, RNA-Seq, bioavailability, exposure biomarkers. 
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Le cérium; un métal, de multiples contaminants émergents 
La famille des éléments de terres rares (ETRs), comprenant le cérium (Ce) et les quatorze 
autres lanthanides ainsi que le scandium (Sc) et l’yttrium (Y), est encore relativement peu connue 
du grand public. Pourtant les éléments qui la composent sont devenus indispensables à notre 
société moderne. Du fait de leurs propriétés optiques, catalytiques et magnétiques uniques, les 
ETRs sont notamment incorporés dans les produits de haute-technologie ou dits « de technologie 
verte » utilisés quotidiennement.1 Par exemple, selon Molycorp Inc., leader mondial dans 
l’incorporation des ETRs dans des produits finaux, le Ce serait présent sous forme de sels ou 
d’oxydes dans au moins cinq compartiments d’un véhicule hybride (écrans LCD, batterie 
hybride, convertisseur catalytique, additifs de carburants diesels et vitres). 
Le Ce (z=58) possède une configuration électronique [Xe] 4f 2 5d0 6s2 et appartient aux 
ETRs légers (lanthane (La) - gadolinium (Gd)), qui sont distingués des ETRs lourds (terbium 
(Tb) – lutétium (Lu)) par un plus grand rayon atomique.2 Lorsqu’il est sous forme d’ion libre non 
hydraté, le Ce3+ présente un rayon atomique de 1.14 Å.3 Comme il présente deux degrés 
d’oxydation stables dans les systèmes naturels ; Ce(III)/Ce(IV), le Ce est, avec l’europium (Eu), 
l’une des deux exceptions parmi les lanthanides qui sont principalement retrouvés sous forme de 
cations trivalents.4 Du fait de sa forte affinité pour l’oxygène, le Ce est un métal dit lithophile. Il 
constitue l’ETR le plus abondant dans la croûte terrestre (0,005% en masse, en moyenne), et il y 
est entre autres plus présent que le cuivre et le plomb.5 Il reste cependant considéré comme un 
élément trace et est classé, avec les autres ETRs, parmi les ions métalliques dits ‘accepteurs durs’ 
(classe A) c’est à dire de faibles polarisabilité et électronégativité. 
Naturellement émis dans les matrices environnementales via l’altération des roches et des 
sols, le Ce est mobilisé en quantité plus importante par l’Homme que par la Nature via les 
activités d’exploitations minières et de combustion des combustibles fossiles (56% du Ce 
mobilisé par l’Homme contre 43% par la Nature).6 Et la demande en ETRs devrait croitre de 
façon significative au cours des 25 prochaines années1 puisque ces derniers sont considérés 
comme des métaux stratégiques pour le développement d’un secteur énergétique à faible 
émission de carbone.7,8 Des nanoparticules manufacturées d’oxydes de Ce (Ce NMs) sont, par 
exemple, ajoutées aux carburants diesels pour en améliorer la combustion9 alors que des sels de 
Ce sont incorporés dans des lampes LEDs10 et des piles à combustible à oxyde solide.11 
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Les nanoparticules possèdent une de leurs dimensions comprise entre 1 et 100 nm et, de 
ce fait, une surface spécifique et une réactivité de surface plus importantes que des particules 
micrométriques de même composition chimique.12 Dépendamment des conditions de température 
et de pression partielle d’oxygène, les Ce NMs peuvent se composer dioxydes de Ce purs (CeO2), 
formant des structures cristallines cubiques de type Fluorite, ou d’un mélange CeO2-Ce2O3 du 
même type de structure, mais contenant une quantité variable de cations Ce3+, alors considérés 
comme des impuretés, et de sites d’oxygènes vacants.3 C’est entre autres pour leur capacité 
élevée de stockage de l’oxygène que les Ce NMs sont intéressantes dans l’industrie automobile. 
Différentes tailles, charges, chimie de surface de Ce NMs sont ainsi produites par les 
industriels pour moduler leurs stabilités, leurs réactivités et leurs biocompatibilités.13,14 Et ces 
différentes formes du Ce anthropique sont susceptibles d’être rejetées dans l’environnement tout 
au long de son cycle de vie.15 En Chine, l’un des plus grands réservoirs d'oxydes de terres rares 
au monde (avec l'Australie, la Russie et le Canada),16 le Ce et les autres ETRs sont retrouvés dans 
des eaux avoisinant des sites miniers à des concentrations jusqu’à 200 fois supérieures à celles 
retrouvées dans des cours d’eaux non-contaminés.17 Ou encore, en Angleterre, la combustion des 
carburants diesels contenant des Ce NMs induit l’augmentation significative de la concentration 
en Ce dans les particules ultrafines suspendues dans l’air.18  
Avec un montant estimé de 28 Gg extrait et purifié par an, le cérium (Ce) constitue l’un 
des éléments de terres rares les plus utilisés dans notre société moderne.19 Les sources de rejets de 
Ce anthropique sont multiples et peuvent être à des échelles importantes (ex. additifs des diesels). 
Elles impliquent une diversité de formes chimiques et physiques (sels de Ce, particules d’oxydes 
de Ce de propriétés variables). Constituant des problématiques environnementales émergentes, 
les ETRs et les NMs ont notamment été classifiés comme des substances prioritaires par 
Environnement et Changement climatique Canada.20,21 Il s’agit d’évaluer rapidement les risques 
potentiels pour l’Homme et l’Environnement de ces catégories de substances, qui sont deux 




Devenir du Ce anthropique dans les eaux de surfaces 
Réactivité redox du Ce et anomalies négatives dans les colonnes d’eaux 
Dans les eaux de surfaces, le Ce et les ETRs sont peu solubles et vont de ce fait être plus 
concentrés dans les sédiments et les fractions colloïdales (inorganiques ou organiques) que dans 
les colonnes d’eaux.22-24 Les concentrations en ETRs mesurées dans les eaux de surfaces non 
contaminées sont inférieures à 5 nM,24,25 et les concentrations en ETRs dissouts inférieures à 0.1 
nM.26 Cependant, des anomalies positives de concentrations totales en La, Gd et/ou samarium 
(Sm) ont été détectées dans les colonnes d’eaux de certains systèmes anthropisés, au regard des 
profils de concentrations obtenus pour l’ensemble des ETRs.22,27 Dans ces systèmes, ce sont des 
anomalies négatives qui sont rapportées concernant les concentrations totales mesurées en Ce 
dans les colonnes d’eaux22,27 et ce malgré le fait qu’il soit le plus utilisé des ETRs.19 Ces 
anomalies négatives résultent d’un comportement complexe du Ce en solution, qui découle de sa 
réactivité redox paradoxale parmi les ETRs.28  
En effet, le diagramme de Pourbaix de cet élément prédit la précipitation d’oxydes de 
cérium dans certaines conditions pH-Eh pouvant correspondre à celles des eaux de surfaces, pour 
les plus basiques et en équilibre avec l’atmosphère.29,30 D’autres processus essentiels dans la 
distribution de différentes formes chimiques du Ce dans ces écosystèmes dépendent entre autres 
de son état d’oxydation. Par exemple, la complexation du Ce avec les phosphates, aboutissant à la 
formation de complexes peu solubles (Ksp des complexes de Ce(III)PO4= 1×10
-23),31 est 
privilégiée pour le Ce(III), qu’il soit sous forme d’ions libres32 ou d’atomes à la surface de Ce 
NMs.33 De plus, certains ligands organiques et inorganiques du milieu receveur peuvent induire 
des modifications de l’état d’oxydation des atomes de Ce.22,34 Par exemple, le phénomène de 
piégeage par oxydation des atomes de Ce(III) à la surface des oxyhydroxydes de manganèse ou 
de fer est présenté comme un processus redox important favorisant l’élimination du Ce de la 
colonne d’eau des systèmes étudiés.35,36 Enfin, les organismes peuvent également influencer le 
devenir du Ce dans les eaux de surfaces. La bio-réduction des atomes de Ce à la surface de Ce 
NMs composées initialement de Ce(IV) a par exemple été mise en évidence en laboratoire lors de 
l’adsorption des Ce NMs à la surface des bactéries gram négatif (Escherichia coli)37 et au sein 
d’organismes benthiques (Planorbus corneus).38  
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Solubilité modifiée du Ce anthropique 
Le devenir du Ce en milieux aqueux est donc complexe à appréhender du fait de la 
capacité des ions Ce à être oxydés ou réduits suivant ses interactions avec les composantes 
abiotiques et biotiques du milieu réceptacle. Les propriétés physico-chimiques du Ce d’origine 
anthropique peuvent également modifier le transport et le comportement de ce dernier. Par 
exemple, les sels de Ce utilisés comme fertilisants dans le domaine de l’agriculture sont des 
nitrates et des chlorures de Ce qui sont des composés plus solubles que les complexes Ce 
hydroxyles et phosphates naturellement retrouvés dans les eaux de surfaces.39 De même, la 
solubilité des Ce NMs est susceptible d’être différente de celle des oxydes de Ce naturellement 
formés. La dissolution des Ce NMs peut être notamment (i) favorisée par la présence d’impuretés 
en quantités importantes (ex. Ce NMs émises lors de la combustion des carburants diesel)40 ou 
(ii) limitée par l’utilisation de surfactants par les industriels41 (ex. Ce NMs intégrées dans des 
produits de protection UV). La stabilisation fournie par certains enrobages serait notamment à 
l’origine du fort pourcentage de Ce NMs (6% en poids de dioxydes de cérium) retrouvé dans les 
eaux sortant des stations d’épuration qui sont ensuite rejetées dans l’environnement.41  
Des expériences en mésocosme simulant un écosystème de rivière sur 28 jours ont montré 
que l’adsorption à la surface de Ce NMs de citrate négativement chargé à pH 7.0 permet des 
répulsions électrostatiques suffisantes pour limiter leur homo-agrégation et leur sédimentation.38 
Ainsi, l’instabilité chimique des Ce NMs ajoute un degré de complexité supplémentaire à prendre 
en compte dans le cadre de l’évaluation de l’exposition des organismes aux différentes formes du 
Ce. Les organismes pélagiques composant les écosystèmes aquatiques pourraient par exemple 
voir leur niveau d’exposition aux différentes formes de Ce anthropique augmenter du faits de 
leurs utilisations croissantes. Il s’agit de savoir quelle sera la fraction de ce dernier qui induira des 




Biodisponibilité du Ce anthropique pour le phytoplancton 
Modèles de biodisponibilité et de spéciation 
Selon de nombreux exemples compilés par Campbell et al., (1995), la biodisponibilité de 
métaux traces pour les microorganismes dépend majoritairement de l’activité de leurs ions libres 
en solution.42 Ce rôle clé de l’ion libre d’un métal sur les effets biologiques qui lui sont associés, 
a conduit au développement de modèles basés sur les équilibres thermodynamiques entre un 
métal et les ligands abiotiques et biotiques du milieu ;  les modèles de l’activité de l’ion libre 
(FIAM)42 ou du ligand biotique (BLM).43 Le BLM assume notamment que les effets biologiques 
observés chez un organisme exposé à un métal présent à l’état de traces sont directement 
proportionnels au flux d’internalisation (Jint) de ce dernier qui résulte des interactions entre les 
récepteurs membranaires (RS) (ex. transporteurs ioniques de faible sélectivité) et l’ion libre du 
métal (MZ+) présent en solution (Figure 1).44  
Les faibles concentrations de Ce attendues (entre 0.03 et 1.5 nMCe dans les eaux naturelles 
non contaminées)25 et la présence de ligands en excès rendent difficile l’utilisation des techniques 
analytiques mesurant la spéciation du Ce in situ.45 Il n’existe donc pas à ma connaissance d’étude 
de terrain où les quantités d’ions libres de Ce auraient été mesurées in situ. Elles peuvent 
cependant être déduites de modélisations appliquées sur les concentrations totales mesurées dans 
différentes fractions des milieux naturels. 
 
Figure 1. –  Résumé du modèle du ligand biotique décrivant l’adsorption avec une constance d’affinité 
KM-Rs de cations métalliques libres (M
Z+) sur les récepteurs cellulaires (RS) en présence 
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d’autres espèces cationiques compétitrices, suivie de leur internalisation avec un flux (Jint) 
après la diffusion (Jdiff) des complexes hydrophiles contenant le métal d’intérêt (ML) et leurs 
dissociations (Kd) à proximité de la surface cellulaire.
44 
En effet, des programmes tels que Visual MINTEQ46 ou WHAM47 permettent de prédire 
les concentrations en ions libres en solution à partir des concentrations totales en métal d’intérêt 
et des paramètres physico-chimiques clefs du milieu (ex. pH, Eh, force ionique, concentrations en 
ligands organiques, inorganiques, en colloïdes et ions compétiteurs). Ils intègrent les constantes 
d’équilibres mesurées pour les réactions d’oxydoréduction, de complexation-dissolution, de 
sorption-désorption observées en milieux contrôlés. Selon ces modèles, les ions libres de Ce4+ ne 
sont pas stables dans les eaux naturelles 29 et les ions libres de Ce3+ n’y sont que peu présents. En 
effet, le Ce est majoritairement complexé à des composés inorganiques (ex. hydroxyles, 
phosphates, carbonates) et/ou organiques (ex. acides humiques) ou adsorbé sur des 
oxyhydroxydes de Mn ou de Fe.28 La biodisponibilité du Ce pour le phytoplancton est donc 
supposée minime du fait de sa faible solubilité qui limite sa diffusion à proximité des RS.
48 
Cependant, probablement du fait de la diversité de leurs propriétés chimiques intrinsèques, de tels 
programmes ne permettent pas d’intégrer la présence de Ce NMs. La dissolution de ces dernières 
qui est favorisée lorsque des petites particules se retrouvent faiblement concentrées dans des eaux 
de pH plus acides,31,49 pourrait pourtant devenir une source non négligeable de Ce ionique dans la 
colonne d’eau.  
Bien qu’il soit intégré dans le cadre réglementaire de l’agence de protection de 
l’environnement des États-Unis,44 l’applicabilité du BLM pour caractériser la biodisponibilité de 
métaux traces en milieux naturels reste à confirmer dans le cas des métaux trivalents50,56 et 
tétravalents tels que les ETRs. Les concentrations en ions libres de Ce3+ sont donc rarement des 
données mesurées in situ, elles peuvent être incertaines lorsque modélisées dans des milieux 
naturels complexes et leur représentativité de la fraction biodisponible du Ce pour le 
phytoplancton reste à confirmer dans le cas des ETRs et des Ce NMs. Il est donc nécessaire de 
produire des données expérimentales ayant trait à la fois à la spéciation et au comportement du 
Ce d’origine anthropique en solution/suspension et à la biodisponibilité de ce dernier pour les 
organismes en milieux contrôlés.  
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Internalisation et biodisponibilité  
Suivant le BLM, la fraction biodisponible du Ce pour un organisme donné peut être 
caractérisée en mesurant les quantités de Ce internalisé par l’organisme d’intérêt. Dans ce projet, 
c’est l'algue verte unicellulaire, Chlamydomonas reinhardtii, qui a constitué l’organisme 
d’intérêt. Représentative des organismes phytoplanctoniques retrouvés dans des eaux douces de 
surface, elle fait partie de la classe des Chlorophyceae et de l’ordre des Volvocales. Elle vit dans 
de nombreux environnements (eaux douces et sols) à travers le monde. Sa relative adaptabilité et 
son temps de génération rapide fait de C. reinhardtii un important organisme modèle pour les 
recherches en biologie et en écotoxicologie.51 Des années de recherches ont établi des outils 
génétiques et moléculaires pour la manipulation de C. reinhardtii,52 et son génome est séquencé 
et annoté.53 De plus, elle a déjà été utilisée dans les expériences de caractérisation de la 
biodisponibilité des ETRs30, 54-57 et des Ce NMs.58-60  
Par exemple, une forte diminution de l’internalisation du Ce par C. reinhardtii a été 
observée en présence d’acides fulviques.30 Cette dernière concorde avec la diminution de la 
concentration de l’ion libre (Ce3+) prédite en solution en présence de matière organique naturelle. 
Cependant, Yang et al. et Zhao et al. ont observé que la présence de complexes organiques 
simples (ex. acides maliques ou citriques) n’induit pas chez C. reinhardtii une diminution de 
l’internalisation du thulium (Tm), de l’Eu et/ou du Sm de manière stœchiométrique comme 
attendue par le BLM.54, 56 Les auteurs ont conclu que certains complexes d’ETRs peuvent former 
des complexes ternaires avec les récepteurs biologiques et doivent ainsi être inclus dans les 
calculs de la fraction biodisponible de ces métaux.  
Le BLM néglige les interactions entre la fraction particulaire des métaux et les surfaces 
biologiques.42 Dans le cas des Ce NMs, il n’est pas encore clair dans la littérature si les 
concentrations mesurées en Ce internalisé chez C. reinhardtii sont dues à l'internalisation (i) des 
nanoparticules elles-mêmes (4-7 nm, Ce NMs enrobées de PVP, potentiel de surface non 
rapporté; 0,08 à 10,00 mg L-1, 72h en milieu d'exposition contenant des phosphates)58 ou (ii) à 
celle des produits issus de leur dissolution (> 140 nm, Ce NMs non enrobées ∼0 mV ou moins, 0 
à 34 mg L-1, 2h en milieu d'exposition contenant ou non des phosphates).32 Une limite d'exclusion 
de taille pour l'internalisation des Ce NMs par les cellules algales serait fixée autour de 5-20 
nm.32, 61,62 Elle serait ainsi de même ordre que la limite suggérée pour le transport apoplasmique 
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des nanoparticules chez les plantes supérieures.63 Cependant, l'applicabilité d'une telle limite peut 
être remise en question pour certains microorganismes, comme ceux du genre Chlamydomonas. 
En effet, les deux flagelles caractéristiques du genre ne sont pas entourés de paroi cellulaire64 et 
pourraient donc constituer un lieu privilégié pour la réalisation d’endocytose, potentiellement 
favorable à l’internalisation de Ce NMs de tailles supérieures à 20 nm. Par exemple, c’est à 
l’intérieur de petites vésicules que des Ce NMs internalisées chez C. reinhardtii ont été 
observées.58 Il s’agit de l’unique étude qui a permis de visualiser des Ce NMs chez ses 
organismes. Deux autres mécanismes d'internalisation des nanoparticules par les microalgues 
outrepassant la limite d’exclusion de taille proposée (outre l’endocytose) seraient la diffusion 
passive3 et la formation temporaire de «pores»65 ou les mécanismes qui y sont relatifs tel que 
celui de pénétration par échange d’enveloppe lipidique.66 Ils dépendent notamment de l’enrobage 
et de la charge des Ce NMs.  Ce sont des propriétés intrinsèques déterminantes pour l'étendue de 
l’internalisation des Ce NMs, leur localisation sous-cellulaire et leur translocation dans les 
différents organes des plantes supérieures et pourraient également avoir un rôle clef la 
biodisponibilité des Ce NMs chez les cellules algales.67-69  De plus, même si l’internalisation de 
Ce NMs a été peu observée chez les micro-organismes photosynthétiques,3 des effets biologiques 
induits par de simples contacts entre les Ce NMs et les membranes biologiques ont fréquemment 
été rapportés.37,70-72 
 Il n’existe donc pas encore de consensus concernant les mécanismes d’interaction et 
d’internalisation des nanoparticules d’oxydes de métaux par les organismes.3 La fraction 
biodisponible du Ce pourrait ainsi ne pas se limiter au Ce3+ présent en solution ni au Ce 
internalisé. L’analyse des effets biologiques observés chez les organismes exposés aux formes de 





Effets biologiques du Ce anthropique chez le phytoplancton  
Tests standards de toxicité  
L’efficacité d’un composé à induire un effet biologique peut être mesurée à plusieurs 
niveaux; moléculaire, cellulaire, ou alors au niveau de l’organisme (physiologique ou 
comportemental) et des populations, notamment via des courbes temps-réponses, concentrations-
réponses et/ou doses-réponses obtenues en milieux contrôlés. Elles permettent l’obtention 
d’indices représentatifs de la toxicité du composé tels que la concentration du Ce induisant une 
inhibition de croissance (IC) chez 50% de cellules algales (IC50). Les IC50 chez 
Pseudokirchneriella subcapitata (algue unicellulaire d’eau douce) induites par le Ce ionique et 
nanoparticulaire sont respectivement de 45 μMCe
73 et 60  μMCe
74, toutes deux plus élevées que 
celle du cadmium de 30 μMCd.
73 Le Ce ionique est généralement associé à une toxicité plus faible 
que celle du cadmium ou du plomb73 et les Ce NMs semblent encore moins toxiques et donc 
supposément moins biodisponibles.  
Cependant dans les milieux d’exposition standards de microalgues définis par 
l’Organisation de Coopération et de Développement Économique, le Ce peut présenter une 
spéciation plus complexe que les métaux divalents classiques, aboutissant ainsi à des 
modifications de sa biodisponibilité qui ne sont pas prises en compte si seules les concentrations 
en Ce totales sont mesurées. En effet, les microalgues sont exposées durant 72h dans un milieu 
riche en phosphates (test 201), nécessaire à leur croissance, mais avec lequel le Ce, seul ou à la 
surface de Ce NMs, entretient une forte affinité.32  De grandes variations dans les valeurs de 
concentrations les plus faibles auxquelles des effets significativement différents du control sont 
détectées avaient été observées suite à une exposition de différents organismes à des Ce NMs 
dans les systèmes aquatiques.72 Il est possible que ces variations puissent être attribuées à un 
manque de caractérisation du comportement des Ce NMs (ex. agrégation, sédimentation, 
dissolution, adsorption ou complexation d’éléments du milieu) et donc de leur biodisponibilité 
pour les organismes. Certains auteurs suggèrent notamment que lors d’essais réalisés en 
laboratoire, d’importants efforts de caractérisation soient menés avant, pendant et après les 
phases d’expositions des organismes.75 
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Effets biologiques communs entre Ce ionique et Ce NMs 
Le dérèglement de la balance antioxydante constitue l’effet toxique du Ce le plus étudié, 
qu’il soit sous forme ionique ou nanoparticulaire.2  Les mécanismes moléculaires aboutissant à la 
génération d’un stress oxydatif sont bien connus. Ils sont commun à de nombreux organismes 
lorsqu’exposés à différents types de xénobiotiques.76 Dans le cas du Ce,  les cycles redox entre 
Ce(III) et Ce(IV), qui ont un rôle clef dans la distribution du Ce dans les eaux des surfaces, sont 
également considérés comme le moteur des effets redox observés chez les organismes exposés au 
Ce (seuls ou à la surface de Ce NMs).77,78 Les contaminants de Ce peuvent ainsi induire des effets 
à la fois pro-oxydants et antioxydants suivant l’état d’oxydation initial des atomes de Ce qu’ils 
contiennent.29, 79 La production d’un stress oxydatif chez les organismes varie également suivant 
les conditions d’exposition (temps et concentrations) et les caractéristiques physiologiques des 
organismes eux-mêmes.80,81  
Les ETRs induisent des effets physiologiques positifs à faibles concentrations et des effets 
toxiques à plus fortes concentrations. Ils sont donc des éléments dits hormétiques.77 Cet effet  
semble moins établi dans le cas des Ce NMs. Il a par exemple été observé pour le développement 
de biofilm bactérien mais pas pour celui du système racinaire de plantes.82,83 Ce profil 
concentration-réponse est atypique pour des éléments non essentiels. Il pourrait résulter du 
mimétisme entre les ETRs et le calcium (Ca). En effet, une telle compétition a été observée dans 
des tissus animaux exposés aux lanthanides84 supposément à cause de la similarité observée entre 
les rayons atomiques des ETRs et celui du Ca2+ lorsque déshydraté. Chez C. reinhardtii, une 
diminution du flux d’internalisation du Ce a été observée en présence de Ca2+.30 Cette dernière 
témoigne d’une compétition entre ces deux cations pour la liaison aux Rs à la surface de ces 
microalgues. Toutefois, les cibles intracellulaires communes entre ETRs et calcium n’ont pas 
encore été identifiées chez les microalgues. Ce manque d’information résulte probablement de la 
complexité des processus et acteurs nécessaires au maintien de l’homéostasie du calcium qui est 
impliqué dans des voies métaboliques complexes85 (ex. signalisation cellulaire).86,87  
Plus généralement, des effets compétitifs entre les métaux de classe A entre eux (ex. 
ETRs et Ca ou Mg) et avec certains métaux de classe intermédiaire (ex. ETRs et Fe) sont 
attendus du fait leur affinité commune pour l’oxygène. Les groupements carboxyliques des 
protéines pourraient ainsi constituer des ligands privilégiés pour ce type de métaux (ex. 
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phytochélatines) tout comme les molécules biologiques contenant des phosphates, de l’oxalate et 
du citrate.81 Les Ce NMs peuvent, par exemple, hydrolyser les esters de phosphates in vitro et 
pourraient en faire de même in vivo.88 Cependant, suivant les conditions pH-Eh des 
compartiments cellulaires dans lesquels ils pourront être retrouvés, d’importantes différences de 
valence entre ces métaux sont attendues; dans les conditions physiologiques, les métaux traces 
essentiels seraient généralement divalents alors que les cations de Ce pourraient être tri- ou 
tétravalents.29  Cette différence devrait limiter les effets compétitifs entre ces métaux pour les 
cibles intracellulaires ayant une forte spécificité avec leur substrat telles que des protéines ayant 
généralement un rôle essentiel dans le métabolisme des organismes (ex. chélatases de Mg(II) 
impliquées dans la biosynthèse de chlorophylles chez C. reinhardtii).89  
Les cibles intracellulaires et effets biologiques du Ce, notamment sous forme de Ce NMs 
restent encore peu connus. Chez les microalgues, ils pourraient impliquer d’autres voies 
métaboliques que l’homéostasie redox, celle du calcium ou encore des phosphates d’autant que 
des concentrations supérieures aux concentrations attendues dans l’environnement sont souvent 
nécessaires à l’observation de tels effets biologiques. Il est donc nécessaire de produire des 
données ayant trait aux effets biologiques du Ce d’origine anthropique à des concentrations plus 
représentatives de celles attendues dans l’environnement. 
Approches ‘omiques’ en (eco)toxicologie 
Qu’il soit mesuré au niveau moléculaire, cellulaire et/ou physiologique, tout effet 
biologique pouvant témoigner de l’exposition présente ou passée d’un organisme à au moins une 
substance chimique à caractère polluant, peut constituer un biomarqueur d’exposition de 
l’organisme à cette substance. Un changement témoignant de la présence d’effets délétères aux 
mêmes échelles chez ce même organisme peut constituer, quant à lui, un biomarqueur d’effets de 
la substance sur l’organisme. La détection d’un biomarqueur unique et spécifique d’une 
exposition à un composé toxique n’existe pas, ce sont donc généralement des ensembles de 
biomarqueurs qui peuvent être validés.90,91 Au niveau moléculaire, des biomarqueurs peuvent être 
identifiés à différentes échelles (Figure 2) et selon la prémisse commune d’une expression 
différentielle du génome entre les organismes qui sont entrés en contact avec un xénobiotique et 




Figure 2. –  Échelles principales pour l’identification des biomarqueurs moléculaires d’après 
Riedmaier et Pfaffl en 201390.  
À l’échelle du transcriptome (c.-à-d. de l’ensemble des ARN résultant de la transcription du 
génome et de la dégradation des ARNs), se sont les techniques telles que les puces à ADN ou le 
séquençage aléatoire du transcriptome entier (ARN-Seq) qui permettent d’identifier l’ensemble 
des gènes dont le niveau de ARN va être régulé par un organisme à un instant (t) pour s’adapter à 
son exposition à un xénobiotique (ou à un stimulus). Par la suite, les fonctions connues des gènes 
différentiellement exprimés peuvent être indicatrices des voies métaboliques et des effets sous-
létaux observés à t.92  
Cette approche commence à être utilisée dans les études (nano)(eco)toxicologiques.80 Par 
exemple, des NMs d’oxydes de titane et de zinc induiraient communément avec des quantum 
dots, une inhibition du protéasome de C. reinhadrtii.92 Les analyses transcriptomiques, 
notamment couplées à des analyses réalisées à d’autres niveaux biologiques, fournissent ainsi des 
informations mécanistiques sur les effets biologiques potentiels induits suite aux interactions 
NMs/organismes.93 De récentes études réalisées par ARN-Seq témoignent que des variations au 
niveau de la quantité des ARNm contenus dans des lignées cellulaires (humaines ou de souris) 
peuvent être spécifiques à des propriétés physico-chimiques de particules composées 
principalement du même élément. En effet, des patterns d’expression de gènes spécifiques ont été 
observés pour certaines tailles de particules de Ce (micro ou nano)94 ou pour certaines propriétés 
de surfaces de Ce NMs91. Grâce à cette approche, Fisichella et al., en 2014 ont pu observer que 
les Ce NMs non enrobées induisent entre autres une répression de 27 gènes impliqués dans le 
métabolisme de la respiration cellulaire des cellules humaines (CaCo-2). Alors que des Ce NMs 










 C’est donc pour la rapidité et la spécificité du processus dynamique de régulation des 
niveaux de ARNm que notre étude vouée à la caractérisation de la biodisponibilité et des effets 
du Ce chez C. reinhardtii a été réalisée à l’échelle transcriptomique. Dans ce projet, nous 
cherchons à identifier si existe des effets biologiques significativement différents chez les cellules 
de C. reinhardtii exposées à du Ce ionique et des Ce NMs et d’autres ETRs à des concentrations 
potentiellement retrouvées dans des écosystèmes d’eaux douces de surface anthropisés.  
Cadre conceptuel et objectifs généraux de la thèse 
Selon des analyses de risques pour les écosystèmes d’eaux douces de surfaces, la 
concentration maximale permissive en Ce total serait entre 0,007 et 0,2 μM de Ce total. 72,95 Ces 
valeurs sont légèrement plus élevées que les concentrations mesurées et prédites dans divers eaux 
douces de surfaces (<0,005 μMCe)
24,25 et largement inférieures aux valeurs de IC50 mesurées chez 
P. subcapitata (45 μMCe
73 et 60 μMCe
74). C’est donc pour s’assurer d’obtenir des signaux 
biologiques et chimiques quantifiables mais restant représentatifs de systèmes de surface 
faiblement anthropisés que des concentrations de 0,5 μMCe (Chapitre 1 et 3) ou entre 0,03 et 3 
µMCe (Chapitre 2) ont été sélectionnées pour l’exposition de C. reinhardtii aux sels d’ETRs et 
Ce NMs.  
Comme la caractérisation des NMs dans les matrices environnementales représente un 
réel défi analytique et cela même dans des milieux aqueux simplifiés,96 et que la spéciation des 
ETRs peut être complexe à appréhender,73 les cellules de C. reinhardtii ont été exposées dans des 
milieux aqueux simplifiés (i.e. sans ligand). Ces milieux ont été préalablement équilibré avec 
l’atmosphère pendant 24h afin de limiter les variations dans les concentrations lors de 
l’exposition des organismes (Annexe, Figure 3). Des temps courts d’exposition ont été 
privilégiés (<6h) afin de limiter des modifications des conditions d’exposition par les 
microalgues elles-mêmes (ex. production d’exsudats), et leur stress lié à l’absence de phosphates 
dans ces milieux.  
Les résultats obtenus dans le cadre de ce projet de recherche ont été compilés dans trois 




Le modèle du ligand biotique sous-tend que la biodisponibilité du Ce ionique est plus 
importante que celle des Ce NMs pour C. reinhardtii (Hypothèse 1). Le chapitre 1 vise à vérifier 
l’applicabilité de ce modèle qui commence à être intégré dans les institutions gouvernementales. 
Pour ce faire, les effets transcriptomiques d’un sel de Ce soluble ou de Ce NMs ont été 
caractérisés par ARN-Seq chez des populations exposées (3 réplicas biologiques) ou non (4 
réplicas biologiques) à une concentration totale de Ce inférieure à 0,5 µM. Cinq types de Ce NMs 
avaient été initialement caractérisés pour cette étude (Annexe, Formes chimiques du Ce), seules 
trois petites Ce NMs de tailles inférieures à <10 nm et de formes sphériques ont finalement été 
sélectionnées. Cette petite taille nominale devait permettre à l’ensemble des NMs de passer à 
travers la paroi cellulaire complexe de C. reinhardtii. Alors que la forme sphérique des NMs est 
essentielle à l’applicabilité des modèles sur lesquels reposent la plupart des techniques de 
caractérisation de taille. Comme l’enrobage entourant les NMs d’oxydes de métaux est un facteur 
déterminant pour leur biodisponibilité chez les microalgues d’eaux douces,97 les Ce NMs 
sélectionnées possèdent également des propriétés de surfaces différentes ; non enrobées, 
fonctionnalisées par du citrate ou enrobées de poly(acide acrylique) (PAA), pour représenter la 
diversité des Ce NMs produites. Les Ce NMs non enrobées sont notamment incorporées dans des 
poudres de polissage dans l’industrie du verre,40 les Ce NMs fonctionnées par du citrate ont été 
fournies par un industriel qui les intègre dans des peintures alors que celles enrobées de PAA sont 
actuellement étudiées pour leurs potentielles applications en agriculture.68  
Comme chaque technique analytique possède ses avantages et ses limitations (Tableau 
I),98 l'utilisation de plusieurs techniques de caractérisation de la taille des NMs à différents stades 
expérimentaux a été privilégiée dans ce chapitre 1. La microscopie à transmission électronique 
(TEM) et la spectroscopie photoélectronique X (XPS) ont été initialement utilisées pour mesurer 
respectivement la distribution de la taille et l’état d’oxydation des atomes de surface des 
particules (échantillons secs), qui sont des paramètres clefs de la biodisponibilité des Ce NMs.72 
La technique de spectrométrie de masse à plasma à couplage inductif (ICP-MS) en mode simple 
particule (SP-ICP-MS) a constitué la technique analytique de choix, utilisée dans le Chapitre 1 
pour décrire le comportement du Ce ionique et des Ce NMs dans les milieux d’exposition des 
microalgues. En effet, cette technique a montré des limites de détections prometteuses pour la 
caractérisation de l’état d’agrégation des NMs d’oxydes de métaux en suspension.99 Elle peut 
notamment permettre de caractériser les distributions de taille d’oxydes de NMs, présentes en 
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faibles concentrations dans les échantillons environnementaux.100 De par le principe même de la 
technique,101 le SP-ICP-MS permet de mesurer à la fois la concentration d’un métal dans la 
fraction dissoute et celle présente dans la fraction (nano)particulaire d’un échantillon. Des 
analyses complémentaires par ultracentrifugation analytique (AUC), diffusion dynamique de la 
lumière (DLS) et ultrafiltration centrifuge ont également été effectuées pour caractériser la 
stabilité colloïdale des Ce NMs sur des échantillons plus concentrés non utilisés pour l’exposition 
des microalgues (excepté les ultrafiltrations centrifuges réalisées dans les milieux d’exposition 
avant l’introduction des microalgues). 
 
Tableau I : Concentrations en Ce totale, limites de détection et types de diamètres mesurés 




Gamme de taille 
analysée 
Type de diamètre 
mesuré 
TEM 10** > 0,2 nm Dp 
DLS 50* 0,1 nm – 0,1 mm DH 
AUC 50* < 200 nm DH 
SP-ICP-MS 0,001 – 0,005*** 20 nm - 250 nm Dp 
Cytométrie en flux 0,086 -17 > 500 nm Taille relative 
* Concentration retenue pour les analyses au DLS et à l’AUC est 50 mg.L-1 après une optimisation de l’amplitude de 
l’autocorrélation recommandée par Baalousha et Lead en 2012102 pour les mesures au DLS. 
** Concentration minimale pour l’observation d’un nombre de Ce NMs > 200.  
*** Concentration ajustée pour avoir un nombre de nanoparticules détectées compris entre 200 et 2000. 
 
Seul, le déploiement de techniques analytiques de pointe ne permet pas de contrer l'une 
des difficultés majeures pour évaluer les effets des NMs d’oxydes de métaux en (éco)toxicologie, 
à savoir la distinction entre les effets des produits de leur dissolution et les effets des 
nanoparticules elles-mêmes. Le chapitre 2 vise à développer un outil biologique pour distinguer 
les interactions du métal dissout et des Ce NMs chez C. reinhardtii. Il suppose que l’intensité de 
l’altération de l’expression des gènes est proportionnelle au temps d’exposition des algues et à la 
concentration des différentes formes de Ce dans les milieux d’exposition (Hypothèse 2). Aussi 
l'utilisation de biomarqueurs transcriptomiques intégrés dans des voies métaboliques d’intérêt 
devrait présenter l'avantage supplémentaire (comparer à des expériences de bioaccumulation) de 
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contribuer à notre compréhension des mécanismes impliqués par les cellules pour répondre au Ce 
ionique (Hypothèse 3). Nous avons donc entrepris dans ce chapitre 2 de mettre en relation les 
niveaux d’expression des gènes mesurés avec les réponses observées à l’échelle de l’organisme 
par cytométrie en flux, en supposant que si des biomarqueurs d’une voie métabolique commune 
indiquent des effets similaires aux deux échelles d’observation (transcriptomique et cellulaire), 
nous pouvons valider l’hypothèse 3. La voie métabolique la plus étudiée dans le cadre d’une 
exposition des organismes à du Ce, toutes formes confondues, étant le dérèglement de la balance 
oxidative,2 des biomarqueurs cellulaires aux protocoles bien établies chez C. reinhardtii ont ainsi 
pu être utilisés.103,104  
Une approche similaire au chapitre 1 a été déployée dans le chapitre 3. Ce dernier vise à 
caractériser la biodisponibilité relative du Ce ionique par rapport à celle des autres ETRs pour C. 
reinhardtii. Du fait de ses capacités redox particulières, le Ce aurait un effet sur le transcriptome 
des microalgues différent des autres ETRs (Hypothèse 4). Les effets transcriptomiques de sels de 
Ce, Tm, Y solubles appliqués individuellement ou sous forme de mixture équimolaire ont été 
caractérisés par ARN-Seq chez C. reinhardtii afin de vérifier si les cibles intracellulaires des 
ETRs sont réellement distinctes. Ensemble, ils représentent la diversité des éléments de terres 
rares soit un lanthanide léger (Ce), un lanthanide lourd (Tm) et un élément ‘pièce rapportée’ aux 
lanthanides (Y). Les constantes d’affinités de liaisons de différents ETRs pour les récepteurs 
membranaires de C. reinhardtii sont de même ordre,55 laissant supposer une certaine 
homogénéité entre ETRs pour les cibles moléculaires extracellulaires de C. reinhardtii. Si des 
cibles cellulaires sont identiques, de possibles interactions compétitives pourraient être identifiées 
entre les ETRs lorsqu’appliqués en tant que mixture. Ce chapitre 3 vise à vérifier l’applicabilité 
du BLM dans le cas de ces métaux trivalents, non pas du point de vue de la bioaccumulation des 
métaux en tant que telle, mais via l’analyse des effets biologiques que les ETRs devraient 
produire.  
Ma contribution pour l’ensemble des travaux présentés dans le chapitre 1 consiste en la 
sélection des nanoparticules manufacturées de cérium d’intérêt et des conditions expérimentales 
de cette étude, l’optimisation et la réalisation de la majorité des analyses physico-chimiques qui y 
sont présentées, l’exposition des cellules algales et la préparation de leur ARN totaux, le 
traitement bio-informatiques des résultats de ARN-Seq et la rédaction de la majorité du 
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manuscrit. Ibrahim Jreije a effectué les analyses de SP-ICP-MS et le traitement des données 
obtenues et a rédigé le paragraphe de matériel et méthode relative à cette partie dans le manuscrit. 
Valerie Tetreault a participé lors d’un stage d’été aux analyses de caractérisation par 
ultrafiltration, DLS, AUC et ICP-MS de certains échantillons. Charles Hauser, William Zerges et 
Kévin J. Wilkinson ont constitué les personnes ressources dans la réalisation des analyses, 
l'interprétation des résultats et ont apporté des commentaires lors de la rédaction du manuscrit. 
Ma contribution pour l’ensemble des travaux présentés dans le chapitre 2 consiste en la sélection 
des conditions et des gènes biomarqueurs testés, j'ai assuré l’exposition des cellules algales, les 
analyses en cyrtométrie en flux et la préparation de leur ARN totaux, l'optimisation des essais de 
RT-qPCR et la réalisation de ces derniers ainsi que le traitement de l’ensemble des données 
obtenues. J’ai rédigé l’entièreté du manuscrit. Jessica Dozois a participé lors d’un stage d’été aux 
expériences de RT-qPCR ainsi qu'à l'exposition des microalgues. Vera I. Slaveykova et Kévin J. 
Wilkinson ont constitué les personnes ressources dans la réalisation des analyses, l'interprétation 
des résultats et ont apporté des commentaires lors de la rédaction du manuscrit. Ma contribution 
pour l’ensemble des travaux présentés dans le chapitre 3 consiste en la sélection conjointe avec 
monsieur Wilkinson des conditions expérimentales de cette étude, l'optimisation des conditions 
d'exposition des cellules algales, l’exposition et de la préparation de des ARN totaux, la 
réalisation d’une partie du traitement bio-informatiques des résultats de RNA-Seq et des analyses 
physico-chimiques et la supervision du reste de ces analyses. J’ai rédigé l’entièreté du manuscrit. 
Cui Lei m'a aidé dans l'optimisation des conditions d'exposition, il a assuré la modélisation de la 
spéciation des métaux et a effectué une partie du traitement bio-informatique des données de 
RNA-Seq sous ma supervision. Kévin J. Wilkinson a constitué la personne ressource dans la 
réalisation de ces analyses.  William Zerges et Kévin J. Wilkinson ont apporté leurs 
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In order to better understand the risks of engineered nanoparticles (ENPs), it is necessary 
to determine their fate and biological effects under realistic exposure scenarios (e.g. low ENP 
concentrations). For cerium oxide ENPs (Ce ENPs), contradictory results have been observed in 
the literature with respect to both their bioavailability to aquatic micro-organisms and the 
relationship between ENP surface properties and cellular responses. In this paper, a unicellular 
freshwater microalga, Chlamydomonas reinhardtii, was exposed for 2 h to one of three small Ce 
ENPs (i.e. nominal size <20 nm) with different coating properties (i.e. uncoated, citrate or poly-
acrylic acid coated) or to a soluble Ce salt at 70 µg L-1 Ce. Relative bioavailabilities were 
deduced from whole transcriptome profiling analysis and results have been interpreted with 
respect to a multimethod characterization of the Ce ENPs. Although polyacrylic acid coated Ce 
ENPs were chemically distinct from the other Ce ENPs, they elicited similar patterns of 
differential gene expression as the uncoated Ce ENPs. In contrast, stabilization of the ENPs by 
citrate appeared to reduce their bioavailability, as fewer differentially expressed transcripts (10s 
of genes) were detected as compared to the polyacrylic acid coated or uncoated ENPs. 
Transcriptome profiling identified metabolic pathways that could be involved in response to the 
ENP exposures. For the low exposure concentrations examined here, toxicity appeared to be 





Of the rare earth elements, cerium (Ce) is one of the most used- some 28 kt were extracted 
and purified in 2007.19 Its optical and catalytic properties make it an important element in 
numerous applications, including high technology and green technology industries.8,13 For 
example, Ce is incorporated as salts into solid oxide fuel cells11 or, as engineered nanoparticles 
(ENPs), into diesel additives.105 While these technologies enhance energy efficiency, they also 
can lead to widespread environmental contamination of Ce.40,106 Novel applications of Ce ENPs 
in biomedicine,107 agriculture108 and water depollution109 are also expected to increase 
environmental concentrations.  
No clear consensus has yet been established on the relative bioavailabilities of ionic vs. 
ENP forms of Ce. Several authors have postulated that the effects of dissolved Ce to 
phytoplankton could be neglected with respect to the ENPs.110,58,111 Others have shown Ce ENPs 
to exhibit a lower acute toxicity than ionic Ce.72,81 In another paper, the photosynthetic yield of 
C. reinhardtii was shown to be decreased, due to dissolved Ce that co-occurred in suspensions of 
(uncoated) Ce ENPs.32 The bioavailability of Ce ENPs also appear to be influenced by their 
agglomeration and valence state,72 which result from a combination of the intrinsic properties of 
the ENPs (e.g. size, shape, coatings) and the environmental conditions (e.g. redox potential, pH, 
ligand concentrations). For example, the stabilization of Ce ENPs by citrate112 has been shown to 
lower their bioavailability to bacteria in the activated sludge of a waste water treatment plant in 
comparison to uncoated Ce ENPs.113 In addition to their role as a dispersant,110,114 ENP coatings 
can act as a protective barrier, preventing direct contact of the core particle with the biological 
membrane58 or they can increase ENP biocompatibility.14 The aqueous-ENP interface is thus one 
critical factor influencing the bioavailability of Ce ENPs, resulting from the Ce(III)/Ce(IV) 
ratio,115,79 the surface charge,116,62 the specific surface area111 and the nature of the surface 
coating.117  
In many toxicity studies focusing on microalgae, the conditions used were not relevant to 
those thought to exist in natural waters. For example, toxic effects are often reported for 
exposures to mg L-1 of Ce ENPs, whereas, generally only ng L-1 concentrations are thought to be 
found in natural waters.118 Median effective concentrations (72 h EC50s) for the growth 
inhibition of microalgae have ranged from 0.024 mg L-1 to 29.6 mg L-1: polyacrylate coated Ce 
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ENPs (4-10 nm, 0.024 mg L-1),110  citrate stabilized Ce ENPs (10 nm, 5.6 mg L-1)114 and uncoated 
Ce ENPs (10 nm and <25 nm, 2.4–29.6 mg L-1;119 10-20 nm, 10.3 mg L-1 74); while no adverse 
effects on growth were measured for polyvidone coated Ce ENPs (4-7 nm, ˃80 mg L-1).58 Thus, 
at environmentally relevant Ce ENP concentrations, more sensitive endpoints are required to 
distinguish the effects of different particles. For example, recent studies using transcriptome 
profiling by RNA sequencing (RNA-Seq) have shown patterns of gene expression that correlate 
with the physicochemical properties of Ce ENPs. Indeed, gene expression has been used to 
distinguish the effects of particle sizes (micro or nano)94 or the degree of degradation of a citrate 
coating.117 Nonetheless, while Taylor et al. observed significant differential gene expression 
following a 3-d exposure of C. reinhardtii to 10 mg L-1 of polyvidone coated Ce ENPs, no effects 
were observed at more environmentally relevant concentrations of 0.144 µg L-1.58 
Given that there is no consensus on the relative bioavailabilities of the different forms of 
Ce or on the effects of ENP surface coatings,120 this study focused on the biological effects of 
ionic Ce and Ce ENPs with different coatings: uncoated, stabilized by citrate, and coated by poly-
acrylic acid, at 70 µg L-1 Ce using C. reinhardtii as a model organism. We focused on the effects 
of small Ce ENPs (<20 nm) because they are suspected to be the most bioavailable due to both 
their high reactivity (i.e. high specific surface area)70 and sizes that are small enough to pass 
through pores of the cell wall (i.e. diameters of 5-20 nm).62,121 Multi-method characterization 
experiments, including single particle inductively coupled plasma mass spectrometry (SP-ICP-
MS), were performed to determine the physicochemical stability of the Ce ENPs. RNA-Seq80,93 
was used: (i) to infer the biological effects from the known functions of the differentially 
regulated genes and (ii) to compare effects on the microalgal transcriptome among the different 
Ce ENPs. All of the Ce forms were bioavailable to Chlamydomonas reinhardtii with differences 
between ionic and ENPs highlighted with respect to both the number of differentially expressed 





Materials and methods 
Materials 
All experiments were performed in polymerware (polypropylene or polycarbonate) or 
Teflon, which was first soaked in 2% v/v HNO3 for 24 hours, rinsed 7x with Milli-Q water (total 
organic carbon < 2×10-3 g L-1; resistivity > 18 MΩ cm) and dried under laminar flow conditions 
(Heraeus). Most reagents were purchased from Fisher Scientific (molecular biology grade), 
except acetic acid (analytical grade, Fisher Scientific), chloroform (99,8%, Acros organics) and 
nuclease-free water (QIAGEN). Other chemicals included: K2HPO4 and KH2PO4 (ACS reagent 
grade, Fisher Chemical), Tris (Tris-(hydroxymethyl)-aminomethane, BDH USP/EPgrade, VWR), 
EDTA disodium salt (Bioultra grade, Sigma-Aldrich), Isotone (VWR), HNO3 (67–70%; BDH 
Aristar Ultra, VWR), H2O2 (30%, BDH Aristar Ultra, VWR), NaOH (Acros Organics), NaMES 
(2-(N-morpholino)ethanesulfonic sodium salt, Acros Organics), NaHEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic sodium salt, Acros Organics).  
Preparation and characterization of the nanoparticles  
Nanoparticles 
Ce(NO3)3 (ionic Ce) was purchased from Inorganic Ventures (1.0 g L
-1; ICP-MS 
standard). Uncoated Ce ENPs (nominally 15 - 30 nm) were purchased from Nanostructured & 
Amorphous Materials as a powder (1406RE). Triammonium citrate stabilized Ce ENPs 
(nominally 10 nm) were obtained from Byk (Nanobyk®-3810). The measured Ce concentration 
of the stock solution was 187.6 ± 2.7 g L-1 Ce ENPs. Sodium polyacrylic acid coated Ce ENPs 
(PAA coated Ce ENPs) (nominally 1-10 nm) were obtained from Sciventions as an aqueous 
suspension (1.5 g L-1 Ce ENPs) and as a powder. Intermediate 1 g L-1 suspensions of all ENPs 
were prepared in polypropylene tubes that were covered with aluminum foil and stored at 4°C. 
Before use, they were manually shaken and sonicated (sonication bath, 135W, 30 min.) prior to 
their dilution in the experimental media, where they were equilibrated for 24 h with orbital 




Ce concentrations were determined by adding 400 µL of HNO3 (67–70%) and 300 µL of 
H2O2 (30%) to 1 mL of sample and then heating the mixture at 80° C for 5 h (DigiPREP, SCP 
science). Samples were analyzed by inductively coupled plasma mass spectrometry (ICP-MS, 
PerkinElmer; NexION 300X). A Ce calibration curve was run every 20 samples while blanks and 
quality control standards were run every 10 samples. Indium was used as an internal standard to 
correct for instrumental drift. 
TEM and EDS 
ENP size was characterized by transmission electron microscopy (TEM) and energy-
dispersive x-ray spectroscopy (EDS) on a JEOL (model JEM-2100F) microscope. Three drops of 
a 1.0×10-2 g L-1 ENP suspension in Milli-Q water were deposited and dried on Cu holey electron 
microscopy grids (200 mesh; Electron Microscopy Sciences) under laminar flow. Particle 
diameters were determined using ImageJ (n≥50).122,123  
SP-ICP-MS 
A sector field ICP-MS (Nu Attom, Nu instruments, UK) in single particle mode (SP-ICP-
MS) was used to quantify the particle size distribution and dissolution of the ENP suspensions at 
70.1 µg L-1 Ce. Samples were diluted immediately prior to analysis in order to have 1000 – 2000 
peaks per measurement time (50 s), which is optimal to avoid concurrent ionization of more than 
one ENP, while providing statistically significant particle numbers (Figure S1). A dwell time of 
50 µs, a sample flow rate of 200-250 µL.min-1, a concentric glass nebulizer (internal diameter: 
1.5 mm) and a quartz cyclonic spray chamber cooled to 4°C were employed. The isotope 140Ce 
was monitored and calibration was performed using ionic standards (Inorganic Ventures, CGCE-
1) in the range of 0.05 to 2.0 µg L-1. A transport efficiency of 3-5 % was determined from a 
suspension of 30 nm ultra-uniform gold nanoparticles (Nanocomposix, AUXU30-1M, 20.0×10-9 
g L-1).124 It was validated using a suspension of 20 nm silver nanoparticles (NanoXact, ECP1691, 
20.0×10-9 g L-1) and by frequent analysis of an ionic In standard used to document sensitivity 
variations. Data were processed using NuQuant software (version 2.2) by imposing a minimum 
peak width of 200 µs. Peak masses were determined from the ionic calibration and peak 
diameters were estimated based upon an assumed density and spherical geometry. Average Ce 
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background was used to calculate the concentration of dissolved metal. All samples were 
prepared and analyzed in triplicate. More details on single particle ICP-MS and the data 
processing used by the Nu Quant software can be found elsewhere.124-126 
Centrifugal ultrafiltration 
ENP dissolution in the algal exposure media was also monitored using centrifugal 
ultrafiltration units (Amicon ultra-4, 3 kDa molar mass cutoff). Four mL samples were 
centrifuged for 20 min at 3700×g at 20 °C. In order to minimize adsorptive losses to the 
ultrafiltration membrane, the filtrate was collected after the third centrifugation cycle and 
analyzed by ICP-MS (Figure S2). Mass balances were determined from Ce concentrations: (i) in 
the filtrate; (ii) in the solution remaining above the filter; and (iii) in an acid (69% v/v HNO3) 
extraction of the filter. For blanks, Ce was below detection limits. 
Electrophoretic mobility and DLS 
Electrophoretic Mobility (EPM) and Dynamic Light Scattering (DLS) measurements 
were performed at 20°C in the PEEK flow cell of the Möbiuζ (Wyatt Instruments, 532 nm laser 
and 168.7° scattering angle). Hydrodynamic diameters and EPM were obtained for 40-50 mg L−1 
of Ce ENPs in pH buffered exposure media (NaMES: pH 5.0-6.0; NaHEPES: pH 6.5-8.5 
containing 10.0 µM of Ca(NO3)2). A regularization algorithm (7.3.1.15 DynamicSoftware) was 
used to analyze the DLS autocorrelation function. Diffusion coefficients were converted to 
hydrodynamic diameters using the Stokes−Einstein equation. The analytical performance of the 
instrument was systematically verified using a NIST polystyrene standard (Bangs Laboratories, 
NT02N) with a known diameter of 42 nm that was diluted to 20% (v/v) in Milli-Q water. 
Experiments were duplicated using freshly prepared samples that were analyzed on separate days. 
Each individual replicate was divided into two aliquots, which were each analyzed 4x.  
Analytical ultracentrifugation 
Analytical ultracentrifugation (AUC, ProteoLab XLI analytical ultracentrifuge, Beckman 
XLI)) using interference detection, was performed using 400 μL of the same suspensions that 
were used for DLS. Sedimentation profiles (900 scans) were generated by ultracentrifuging the 
samples at 18,144×g for uncoated Ce ENPs, 26,127×g for citrate stabilized Ce ENPs and 
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72,576×g for PAA coated Ce ENPs. The sedimentation coefficient distribution was determined 
using SEDFIT (v. 14.1). By assuming a particle density of ρ=7.13 g cm-3 for uncoated and  citrate 
stabilized Ce ENPs (https://www.nanoamor.com/msds/msds_CeO2_1406RE.pdf) and ρ=2.00 g 
cm-3 for the PAA coated Ce ENPs (ρ=1.09 g cm-3 for the organic polymer127 (85 dry wt.%) and 
ρ=7.13 g cm-3 for CeO2 (15 dry wt.%)), particle size distributions could be determined based on 
the Stokes−Einstein equation. Further theoretical and methodological considerations are provided 
in Diaz et al., 2015.127 
X-ray photoelectron spectroscopy 
Ce(III)/Ce(IV) ratios on the surface (~5 nm depth) of the ENPs were analyzed by x-ray 
photoelectron spectroscopy (XPS) on the ENPs powders. XPS spectra were recorded on a VG 
ESCALAB 3MKII spectrometer using Mg Kα radiation (hν= 1253.6 eV). Photoelectrons were 
detected at 90° with respect to the sample surface. High resolution XPS spectra were obtained for 
C1s (280-290 eV), O1s (525-535 eV), Ce3d (875-920 eV). Peak fitting (Lorentzian-Gaussian 
curves) was performed with Avantage software (Thermo Scientific) after a background 
subtraction (Shirley function). The energies 881.6, 885.1, 899.2 and 903.5 eV were used as 
component peaks for Ce(III) and 882.6, 888.4, 898.2, 901.1, 906.7 and 916.5 eV as component 
peaks for Ce(IV). 
Culture conditions  
C. reinhardtii (Wild type CC-125 (aka 137c) from the Chlamydomonas resource center) 
was inoculated from agar-solidified (1.5% wt/v) Tris-acetate-phosphate (TAP)128 medium into 75 
mL of a 4×diluted TAP medium.129 This green microalga is ubiquitous to fresh waters and is 
often used for water quality monitoring and studies examining the toxicology of pollutants in 
natural waters. The culture was grown at 20°C under conditions of 12 h light/12 h dark (60 mmol 
s-1 m-2), with orbital shaking (100 rpm). Once the culture reached its mid-exponential growth 
phase (1-5×106 cells mL-1; 3 d), it was used to inoculate 400 mL of 4×diluted TAP. This culture 
was also grown until a mid-exponential phase (2 d) and then centrifuged at 2000×g for 3 min to 
pellet the cells. The cell pellet was resuspended in 10 mM NaHEPES (pH 7.0), containing no 
metal. This wash procedure was repeated twice in order to prepare a cell concentrate that was 
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added to the exposure solutions (below). Cell concentrations and cell surface areas were 
measured using a Multisizer 3 particle counter (50 mm aperture; Beckman Coulter).  
Exposure conditions  
Approximately 6.5 x 104 cells mL-1 were exposed for 2 h to 0.5 µM of Ce (70.1 µg L-1 Ce 
and 86.1 µg L-1 for Ce ENPs) in 10.0 mM NaHEPES (pH 7.0 containing 10.0 µM Ca(NO3)2).
130  
Control treatments were also conducted in similar exposure medium but without the addition of 
any Ce forms. This simplified experimental medium was used so that the chemical speciation of 
Ce could be precisely controlled. For example, Ce precipitates in the presence of phosphate that 
is routinely found in the growth media. In order to evaluate adsorptive losses and potential 
contamination, metal concentrations in the media were measured at the start and end of each 
experiment. Cellular densities were low enough to ensure that Ce concentrations did not decrease 
over the duration of the exposure of microalgae (Figure S3). Following the 2 h exposure, cells 
were pelleted by centrifugation from 300 mL of the exposure solution (2000×g, 2 min., 4°C). 
Cell pellets were resuspended in 1 mL nuclease-free water before being transferred into 1.5 mL 
microtubes where the cells were again pelleted by centrifugation. Cell pellets were frozen on dry 
ice for 10 minutes and stored at −80 °C.  
RNA-Seq analysis  
RNA preparation 
Cell pellets were thawed and then immediately resuspended in freshly prepared lysis 
buffer (0.3 M NaCl, 5.0 mM EDTA, 50 mM Tris-HCl (pH 8.0), 2.0% SDS, 3.3 U mL-1 
proteinase K) where they were incubated at 37 °C for 15 min. Total RNA was isolated by 
extracting the sample 3x with phenol:chloroform:isoamyl alcohol (25:24:1, pH 6.8) followed by 
1x with chloroform:isoamyl alcohol (24:1). At each step, samples were centrifuged (12000xg, 10 
min., 4° C) and supernatants were transferred into new tubes. Total RNA was precipitated from 
the final aqueous phase by isopropanol, then washed with 75% ethanol. After a final 
centrifugation, the pellet was resuspended in 20-30 µL of nuclease-free water. An aliquot (3 µL) 
was analyzed by automated electrophoresis for RNA quality (RIN number > 7, 1.8 < ratio 
28 
 
260/280 < 2.1, ratio 260/230>1.8; Bioanalyzer, Agilent) and spectroscopy (OD260) to determine 
the concentration of RNA (Nanodrop).  
cDNA library construction and high-throughput sequencing 
mRNA selection, library preparation (NEB/KAPA mRNA stranded library preparation) 
and Illumina sequencing were carried out at the Genome Quebec facilities 
(www.gqinnovationcenter.com). Two lanes on a HiSeq (v4) were used for the paired-end 
sequencing (2 × 125 base pairs) of 16 samples (3 replicates for each Ce treatment: ionic Ce; 
uncoated Ce ENPs; citrate stabilized Ce ENPs; PAA coated Ce ENPs) and 4 replicates for 
controls). Replicates (biological) were each from independent cultures.  
Sequence analysis, differential expression and functional annotation  
For each sample, ca. 64 million reads were obtained by Illumina sequencing. Read quality 
was explored with FastQC131. Filtering quality and adapter trimming were conducted with Trim 
Galore!.132 Only paired reads obtained after the cleaning step (phred >20, length > 21 bp) were 
conserved. Reads were aligned to the C. reinhardtii genome v5.3 assembly using TopHat2 with 
standard presets except that intron size was between 30 and 28000 bbp.133 Approximately 60 
million reads were mapped for each sample (around 93% of (64.2 ± 2.2)×106 reads; Table SI) 
with multiple-read alignments accounting for 5.8 ± 0.2% of the total mapped reads in each 
sample. GeneBody coverage python script (RSeQC) was used to calculate the number of reads 
for each nucleotide position and to generate a plot illustrating the coverage profile along the gene 
(Figure S7).134 The number of reads per gene was determined using the Python package 
HTSeq.135 Differentially expressed transcripts were identified using DESeq2 for log2 fold change 
(Log2FC) values exceeding |1| and false discovery rates (padj) < 0.001.
136 Gene annotations were 
retrieved from MapMan ontology.137,138 The JGI Comparative Plant Genomics Portal was also 
used to explore the function of gene sets of interest, such as the “unclassified” gene list obtained 
from MapMan (Supplementary Data 7).139  The Wilcoxon rank-sum test was used to identify 
enriched metabolic pathways. The Algal Functional Annotation Tool was used to convert gene 




Results and discussion  
ENP Characterization  
Although the three ENPs were initially thought to be very similar (based upon 
manufacturer’s indications), several important differences (e.g. state of agglomeration, proportion 
of Ce(III)) were noted. The key results of the ENP characterization are summarized in Figure 1 
with numerous additional details provided in the SI (Table SI, Figures S4, S5 and S6).  
By combining data from the different techniques, it was possible to conclude that under 
the conditions of the algal exposures (70.1 µg L-1 Ce in NaHEPES at pH 7.0), the Ce ENPs had a 
mean primary particle size of 10 nm with a negative surface potential (Figure 1 and Table SI). 
Of the three ENP types, the uncoated Ce ENPs were most subject to agglomeration. Nonetheless, 
SP-ICP-MS results indicated some agglomeration of the citrate stabilized Ce ENPs at low 
particle concentrations, potentially due to a desorption of the citrate from the particle surface 
following dilution.141 Consistent with their propensity for agglomeration, the greatest losses of Ce 
from the exposure medium were observed for the uncoated and citrate stabilized ENPs, where 
only about half of the starting Ce was recovered: ionic Ce (60.7 ± 3.9 µg L-1 Ce), uncoated Ce 
ENPs (39.3 ± 10.0 µg L-1 Ce), citrate stabilized Ce ENPs (33.2 ± 5.6 µg L-1 Ce), and PAA coated 
Ce ENPs (70.7 ± 2.2 µg L-1 Ce) (Figure S3, Table SII). Nonetheless, during the following 2h 
exposure of microalgae, measured Ce concentrations remained reasonably stable (Figure S3). 
The PAA coated Ce ENPs did not appear to be ‘classical’ Ce(IV) ENPs: in contrast to the 
manufacturer’s data, Ce atoms were mainly Ce(III), either complexed by the PAA coating or 
precipitated as Ce2O3. For all exposure media containing Ce ENPs, only negligible dissolved Ce 
was detected. However, somewhat surprisingly, in the solutions of ionic Ce, up to 20% of the Ce 






Figure 1. –  Summary of results of the Ce ENP characterization. Physical diameters were determined 
from TEM on the powders or concentrates and in colloidal suspensions using SP-ICP-MS, 
DLS and AUC; colloidal stability was determined from electrophoretic mobility (µe) and 
ultrafiltration experiments and Ce(III)/Ce(IV) ratios were determined by XPS (Table SI). (A) 
Uncoated Ce ENPs; (B) citrate stabilized Ce ENPs; (C) PAA coated Ce ENPs. Raw TEM and 
XPS data are provided in the supplemental information (Figure S4). XPS data for the  citrate 
stabilized ENPs were taken from Auffan et al.112 Representative SP-ICP-MS size 
distributions are provided in Figure S5 and electrophoretic mobilities in Figure S6.  
Overview of the RNA-Seq data   
Of the 19,526 predicted transcripts in C. reinhardtii,142 16,808 (86%) were detected, 
indicating that the RNA-Seq data was high quality and unbiased (Supplementary Data 1). Eight 
hundred and forty-eight (848) genes showed at least a 2-fold change with respect to their control 
values in one or more of the treatments (Figure 2A, Supplementary Data 2). When those DEGs 
were analyzed by principal component analysis (PCA), data were grouped around the Ce ENPs 
(associated with PC1, 54% of variance) and ionic Ce (associated with PC2, 23% of variance) 
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(Figure S8.B). Moreover, the uncoated Ce ENPs and the PAA coated Ce ENPs were distinctly 
grouped from the citrate stabilized Ce ENPs in the variable space of the PCA plot (Figure S8.B). 
Comparisons of the profiles of DEGs elicited by each of the Ce ENPs, i.e. their “transcriptomic 
signatures”, suggest that bioavailability was highest for the uncoated Ce ENPs, intermediate for 
the PAA coated Ce ENPs, and lowest for the citrate stabilized Ce ENPs.  In the sections that 
follow, we first discuss the results that nano-specific effects were observed (Section 3.3) and then 
secondly, the nature of the differences that were observed among the different Ce ENP surface 
coatings (Section 3.4).  
 
 
Figure 2. –  (A, B) Differentially expressed genes with respect to the control (Log2FC > |1|, padj < 
0.001), following a 2 h exposure of C. reinhardtii to uncoated Ce ENPs (39.3 ± 10.0 µg L-1), 
citrate stabilized Ce ENPs (33.2 ± 5.6 µg L-1), PAA coated Ce ENPs (70.7 ± 2.2 µg L-1), and 
ionic Ce (60.7 ± 3.9 µg L-1). In (A), red represents the genes that were induced by the 
treatment (Log2FC <-1) while green represents those that were repressed (Log2FC >1), 
Grey: -1≥Log2 FC≤1. In (C), exposures were normalized to the uncoated Ce ENPs, rather than 
the control treatment (Log2FC > |1|, padj < 0.001). 
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Transcriptomic signatures reveal nano-specific effects  
Bioavailability was first inferred from the number of DEGs and the magnitude of their 
regulation. Conclusions that were based upon Venn diagrams (Figure 2.C) were further 
substantiated by PCA (Figure S8.B). Indeed, 106 genes were differentially expressed in response 
to ionic Ce but not to the Ce ENPs (Figure 2.B). Among those genes, 52 were differentially 
expressed with respect to both the control and the ENP (Log2FC > |1|, padj < 0.001) (Figure 
S10.A). Of the 688 transcripts that were differentially expressed in response to the uncoated Ce 
ENPs, about one quarter (162 of the 688 DEGs, Figure 2.C) were also differentially expressed 
with respect to the exposure to ionic Ce, i.e. most transcripts were specific to the uncoated Ce 
ENPs.  
At the pathway level, our data were consistent with the Ce ENPs having a specific impact 
on cellular processes. For example, the ENPs altered the expression of genes related to cellular 
motility (Table SIII, Figure S9, and Supplementary Data 3). Of the 26 transcripts linked to 
cellular flagella biogenesis and functioning and which were regulated by the Ce ENPs, 17 have 
been identified as being up-regulated during deflagellation in C. reinhardtii143, suggesting that 
this process plays a key role in the acclimation of microalgae to Ce ENPs. For instance, uncoated 
and PAA coated Ce ENPs induced the expression of FAP16, a gene involved in a pathway that 
induces detachment of the flagella144 and both repressed the expression of a gene (POC7) related 
to flagella assembly.145 Deflagellation could reduce physical exposure to ENPs via two 
mechanisms. First, as flagella are large structures surrounded by a bare plasma membrane, i.e. 
without a surrounding cell wall,146  they may be more accessible to ENPs. Second, in C. 
reinhardtii, endocytosis is localized in a specialized region of the plasma membrane located at 
the base of the flagella.147 Deflagellation might thus reduce Ce ENPs access to this region and, 
thereby, reduce cellular uptake by endocytosis. If observed, deflagellation might suggest that C. 
reinhardtii are exposed to an unfavorable physicochemical environment (e.g. pH shock, heat, 
alcohol treatment).146 
Transcript levels of genes involved in the xenobiotic resistance system increased when 
microalgae where exposed to the Ce ENPs unlike in cells exposed to ionic Ce (Figure 3, 
Supplementary Data 4). Regulation of protein metabolism targets was also different for ionic 
Ce in comparison to the ENPs (Supplementary Data 5). For example, genes with functions in 
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intracellular protein targeting were enriched for ionic Ce, while protein folding enrichment was 
found for uncoated Ce ENPs (Wilcoxon test, p < 0.05) (Table SII, Figure 4). Furthermore, 
approximately half of the DEGs related to protein metabolism elicited by the uncoated Ce ENPs 
had annotated functions in post-translational protein modification, a sub-pathway that was not 
identified to the same extent in cells exposed to ionic Ce (Table SIII, Figure 4). Potential 
significance of this nano-effect is unclear because post-translational modifications occur in most 
intracellular processes.  
 
 
Figure 3. –  Heat maps depicting fold changes in transcript levels of transport-related genes regulated 
by uncoated Ce ENPs (39.33 ± 10.02 µg L-1) ), citrate stabilized Ce ENPs (33.2 ± 5.6 µg L-1), 
PAA coated Ce ENPs (70.7 ± 2.2 µg L-1), and ionic Ce (60.7 ± 3.9 µg L-1) with respect to 
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control (Log2FC > |1|, padj < 0.001) following a 2 h exposure of C. reinhardtii. Red represents 
the genes that were induced by the treatment (Log2FC <-1) while green represents those that 
were repressed (Log2FC >1), Grey: 
-1≥Log2 FC≤1. Acronyms are given for genes with 
annotated functions. Asterisks indicate genes that are differentially expressed between 
uncoated Ce ENPs and ionic Ce (Log2FC > |1|, padj < 0.001).  
 
 
Figure 4. –   Up-regulated (A, B) and down-regulated (C, D) gene percentages for different sub-
pathways of protein metabolism in C. reinhardtii exposed to uncoated Ce ENPs (A, C) and 
ionic Ce (B, D). The numbers represent the number of DEGs (DeSeq2, Log2FC > |1|, padj < 
0.001). Asterisks indicate enriched molecular sub-pathways (Wilcoxon test, p < 0.05). 
 
Combination of the above results strongly suggests that bioavailability was different for 
ionic and particulate forms of Ce. Although the above discussion focused largely on the uncoated 
Ce ENPs, very similar results were found for the PAA coated ENPs (discussed further below), in 
agreement with the PCA plot (Figure S8). In contrast, exposure to the citrate stabilized Ce ENPs 
induced several pathways that were common with those induced following exposure to ionic Ce 
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(e.g. no implication of the xenobiotic resistance system). Differences among the different ENPs 
are discussed in the following section.  
RNA-Seq profiling revealed differences (and similarities) among the effects of 
surface coatings on Ce bioavailability and cell physiology 
As above, differences among the different ENP particle coatings were inferred from DEG 
numbers, the magnitude and direction of their regulation and pathways in which they are known 
to function (Table SIII, Figure S9). For example, Ce ENPs with a citrate stabilized coating 
resulted in only 23 DEGs, whereas uncoated and PAA coated Ce ENPs induced 688 and 315 
DEGs, respectively (Figure 2.A, 2.B). The relatively weak transcriptomic response to the citrate 
stabilized Ce ENPs was consistent with observations performed on a cultured human cell line (72 
h, 21.25 mg L-1) where only 13 DEGs were detected after exposure to a similar citrate stabilized 
ENPs whereas 1643 DEGs were induced following exposure to small uncoated Ce ENPs (3 
nm).117  
The majority of DEGs elicited by a given Ce ENP were not elicited by any of the other Ce 
ENPs (Figure 2.B). Nonetheless, some overlap of the signatures of two or all three of the Ce 
ENPs suggest the occurrence of common nano-effects. For example, transcriptomes of 
microalgae exposed to the uncoated Ce ENPs do not significantly differ from those exposed to 
PAA coated ENPs (Log2FC > |1|, padj < 0.001) (Figure 2.C, Figure S10.C) in spite of important 
differences in their physicochemical properties (i.e. Ce(III)/Ce(IV) ratio, surface coatings) and 
their resulting stabilities (i.e. agglomeration state) (Figure 1). Moreover, 247 DEGs were 
common to the uncoated and PAA coated Ce ENPs, however, only 5 DEGs were common to the 
three Ce ENPs (Figure 2.B). Of the 688 DEGs that were identified for the uncoated ENPs 
(Log2FC > |1|, padj < 0.001), 6 were also differentially expressed in regard to citrate stabilized Ce 
ENPs (Log2FC > |1|, padj < 0.001) (Figure 2.C).  
For each of the three Ce ENP types, ontological analysis (MapMan) was carried out to 
identify biological processes involving multiple DEGs (Table SIII, Supplementary Data 2). A 
major observation was that the uncoated and PAA coated altered expression of genes in protein 
folding and selective degradation; i.e. proteome homeostasis (i.e. 85 DEGs for uncoated; 41 
DEGs for PAA coated; Table SIII, Figure S9, Supplementary Data 5). Such effect was not 
induced by citrate stabilized Ce ENPs. For example, uncoated and PAA coated Ce ENPs altered 
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the expression of proteins involved in protein folding and selective protein degradation by the 
ubiquitin-proteasome system (UPS) (i.e. 13 DEGs for uncoated; 5 DEGs for PAA coated) 
(Figure S9, Supplementary Data 5). In C. reinhardtii, increases in proteasome activity and 
protein ubiquitination have previously been reported to occur during various abiotic stresses,148 
e.g. exposure to selenite.149 Another study found upregulation of transcripts encoding proteasome 
subunits during exposures to TiO2 ENPs, ZnO ENPs or quantum dots.
150  As molecular 
chaperones and the UPS manage non-native proteins, these results might reflect the propensity of 
these Ce ENPs to cause protein damage, misfolding, or both.  
Another clear difference between the effects of the citrate stabilized Ce ENPs and the two 
other ENPs involved the active trans-membrane transport of small molecules (Figure 3). These 
include the upregulation of transcripts encoding primary active transporters related to 
detoxification;151,152 pleiotropic drug resistance proteins and P-glycoproteins and multidrug 
resistance associated proteins of the xenobiotic resistance system (Supplementary Data 4). 
Members of these protein families are also up-regulated following exposure to cadmium,153 
mercury154 or aluminum.155 Additionally, citrate stabilized Ce ENPs upregulated the expression 
of a secondary active transporter (MFT1) that may be involved with xenobiotic sequestration or 
efflux (Figure 3).156 In rice, MFT1 is induced by exposure to Al and is suspected to drive the 
efflux of Al-citrate.157 
Phosphate and magnesium transporters were notable in that they were affected by all of 
the treatments, although phosphate transport enrichment was only found for the uncoated and 
citrate stabilized Ce ENPs (Table SIII, Figure 3). As the secondary active transporters were up-
regulated and each is selective for Mg158 or phosphate159 (Supplementary Data 4), their 
induction likely reflected perturbations of both phosphate and magnesium homeostasis rather 
than Ce biouptake. For example, a type B high affinity phosphate transporter (PTB12) is thought 
to lead to increased internalization of phosphate,159 and its strong induction found for all 
treatments likely reflects the ability of ionic Ce and Ce ENPs to reduce phosphate bioavailability 
either through direct competition for phosphate or after hydrolysis of phosphate ester bonds.88 
Similarly, two results strongly suggest that these responses do not reflect the induction of Ce 
efflux. First, there was no effect on the expression of the candidate Ce transporters (e.g. non-
specific metal transporter such as permeases160 or Ca2+ channels3) by ionic Ce or the Ce ENPs, 
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(Supplementary Data 4). Second, for cells exposed to ionic Ce, no regulation of transcription 
was observed for genes involved in the xenobiotic resistance system, in contrast to results for the 
ENPs.  
Ce and Ce ENPs induce genes for acclimation, but not major cellular damage  
None of the Ce forms (ionic or ENPs) appeared to be particularly toxic to C. reinhardtii at 
70 µg L-1 Ce (nominal concentration). For example, no damage biomarkers (e.g. DNA damage or 
apoptosis signaling) were induced by any of the Ce treatments. Furthermore, the up-regulation of 
key oxidative stress enzymes involved in the detoxification of reactive oxygen species (e.g. 
catalase acting in peroxisomes161) was not observed (Supplementary Data 6). The absence of 
clear evidence for toxicity is reasonable, considering the sub-lethal exposure concentrations and 
the short exposure times that were used. Indeed, with the notable exception of a 72h EC50 value 
for growth inhibition that was 26 µg L-1 for PAA coated Ce ENPs110, much higher (i.e. mg L-1) 
concentrations of Ce ENPs are generally required to induce toxicity (e.g. lowest-observed-effect 
concentration (LOEC) of >1 mg L-1 for a 72 h exposure of P. subcapitata72). However, transcript 
levels of genes related to flagella structure were specifically impacted by Ce ENPs. The uncoated 
and the PAA coated Ce ENPs also up-regulated mRNA levels of biomarkers of detoxification 
processes. The molecular responses observed for our exposure conditions (2h, <70 µg L-1), are 
thus thought to mainly reflect biological responses that allow the microalgae to manage stress. 
Relating ENP characterization to bioavailability 
The experiment was designed to compare the bioavailabilities of the three ENPs. On 
paper, the three ENPs had similar sizes, compositions and concentrations. In reality, careful 
characterization showed that: (i) uncoated Ce ENPs agglomerated significantly; (ii) citrate 
stabilized Ce ENPs showed limited agglomeration; (iii) some or a majority of the Ce(IV) in the 
PAA stabilized Ce ENPs was transformed into Ce(III) (either adsorbed Ce3+ or Ce2O3); (iv) 
dissolved solutions of ionic Ce actually contained significant quantities of Ce nanoparticles 
(likely metastable Ce polymers due to hydrolysis). Thus, extensive characterization is necessary 
in order to properly interpret complex, high throughput exposures examining the biological 
effects of engineered nanomaterials. While this point may seem obvious to most, some reports 
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characterize only the stock solutions. Our multi-method characterization showed that different 
results were obtained for the concentrations and experimental conditions used for the exposures.  
ENP bioavailability was not limited to the smallest Ce ENPs (i.e. < 20 nm). In spite of 
their different sizes, surface charge/coating and Ce(III)/Ce(IV) ratios, uncoated and PAA coated 
Ce ENPs exhibited few differences with respect to the molecular targets examined at 
transcriptomic level. One potential explanation is that after microalgae introduction, protein 
corona or microalgal exudates homogenizes the different ENPs, at least in relation to the 
microorganism at the level of the biological interface. This also implies that it was the citrate 
released from the citrate stabilized ENPs that was responsible for the differences observed for 
that particle. Free citrate in solution could either complex Ce, reducing its bioavailability, or 
stimulate the microalgae as a fundamental metabolite. 
Biological interpretations of the transcriptomic results were limited by the quantity and 
quality of gene annotation available for C. reinhardtii as well as the lack of integrative tools 
required to interpret the data. For example, important numbers of genes responding to Ce ENPs 
and/or ionic Ce were either not assigned to a biological pathway (i.e. 244 DEGs) or not 
associated with a known function (i.e. 266 DEGs) (Supplementary Data 7). Thus, it is possible 
that some key deleterious or beneficial responses might have not been explored completely in the 
present study. Nonetheless, a promising pool of Ce-responsive genes was identified, which may 
constitute interesting exposure biomarkers for future experiments and bioassay development 
(Supplementary Data 8). For example, g15615, a putative ferredoxin was repressed by ionic Ce 
but induced by uncoated Ce ENPs. Although whole-genome expression analysis provided 
important information on the potential biological effects of the Ce ENPs, different exposure 
times, exposure concentrations and biological scales (proteomic and metabolomics) will be 
required in order to provide more complete information on the impact of the Ce ENPs at the scale 
of the organism or population. Indeed, important post-transcriptional modifications may occur in 
C. reinhardtii over time scales that have not been taken into account by the short-term approach 






The results revealed that (i) the Ce ENPs examined in this study are bioavailable; (ii) Ce 
ENPs had nano-effects that were distinct from the effects of ionic Ce; (iii) coatings could affect 
the bioavailability and biological effects of Ce ENPs and that (iv) citrate stabilized Ce ENPs 
appeared to have the fewest effects on the microalgae, likely due to the beneficial effects of 
citrate desorption from the ENP surface. Our results also suggest that C. reinhardtii acclimates to 
Ce ENPs by remodeling of the UPS, moderate increases in the expression of molecular 
chaperones and by alterations of the flagella or deflagellation that might reflect a middle stress 
for short term exposures of C. reinhardtii at environmentally relevant concentrations. Several of 
the DEGs that have been identified here could be used as exposure biomarkers of environmental 
Ce contamination.  
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Supplementary information  
 Optimization  
 SP-ICP-MS 
With increasing dilution, the signal to noise ratio of the transient Ce signal increased due 
to a dilution of the dissolved metal in the ENP suspensions. ENP numbers were determined from 
a range of dilutions but based upon the smallest valid dilution for which corrected particle 
numbers were invariable (Figure S1).  
 
Figure S1. Number of peaks detected by SP-ICP-MS in 50 s as a function of 1/dilution factor 
for uncoated Ce ENPs (pink circles), citrate stabilized Ce ENPs (red triangles), PAA coated 
Ce ENPs (green diamonds) and ionic Ce (blue squares). The lightly shaded interval indicates 
the zone where particle numbers are optimized for detection (i.e. enough peaks to be 
statistically significant, but not so many that ENPs are detected concurrently (indicated by a 
decrease in slope)). Based upon the figure, uncoated Ce ENPs were diluted 10x, citrate 
stabilized Ce ENPs were diluted 2000x, PAA coated Ce ENPs were diluted 20000x and ionic 
Ce was diluted 10000x prior to SP-ICP-MS measurement. Errors correspond to the standard 





Figure S2. Dissolved Ce detected (%) after 24 h of stabilization in exposure medium 
(NaHEPES, pH 7.0) containing the uncoated Ce ENPs (pink circles), citrate stabilized Ce 
ENPs (red triangles), PAA coated Ce ENPs (green diamonds) or ionic Ce at a nominal 
concentration of 70 µg L-1 Ce. Results are provided as a function of the number of centrifugal 
ultrafiltration cycles realized with the same filter membrane. Errors correspond to the 












Figure S3. Measured total Ce concentrations after 24 h of stabilization in exposure medium 
for RNA-Seq experiments (NaHEPES, pH 7.0, nominal Ce concentration = 70 µg L-1) and 
then after a 2 h exposure of the algae to uncoated Ce ENPs (pink), citrate stabilized Ce ENPs 
(red), PAA coated Ce ENPs (green) and ionic Ce (blue). Errors correspond to the standard 







Ce ENPs were thoroughly characterized in order to correlate their properties with their 
biological effects, as assessed by RNAseq below. Sizes were determined by TEM, SP-ICP-MS, 
DLS and AUC; surface (zeta) potential was evaluated using electrophoretic mobility 
measurements; dissolution was quantified using centrifugal ultrafiltration and SP-ICP-MS and 
redox properties were determined using XPS. 
Sizes and dissolution 
 Primary physical diameters (dp) of Ce ENPs were first analyzed by TEM on the dry 
material. TEM revealed that Ce ENPs were roughly spherical with a dp of the primary particles 
(i.e. excluding agglomerates) of 9.7 ± 2.8 nm for the uncoated Ce ENPs, 4.4 ± 0.9 nm for the 
citrate stabilized Ce ENPs and 3.0 ± 0.8 nm for the poly-acrylic acid coated Ce ENPs (Table SI - 
Figure S4). TEM by Auffan et al.  found a similar size of 3.9±1.8 nm for the citrate stabilized Ce 





Table SI. ENP mean diameters, polydispersity index (PDI), % of mass detected as ENPs and 
recovery obtained for TEM, AUC, DLS, SP-ICP-MS or analysis by ultrafiltration (3 kDa 
membrane) for uncoated, citrate stabilized and PAA coated Ce ENPs in NaHEPES at pH 7.0.  
Errors correspond to standard deviations obtained for 2 to 4 replicates while PDI gives an 






Figure S4. Distributions of physical diameters determined from TEM (TEM micrograph in 
inset) and Ce(III) composition (XPS spectra of Ce3d on the right) for (A) the uncoated Ce 
ENPs, (B) the citrate stabilized Ce ENPs and (C) the PAA coated Ce ENPs. For TEM; n: 
number of analyzed ENP, mean: mean physical diameter obtained ± standard deviation. For 
XPS spectra; Green curves: background, Fed curves: data, Orange curves: component peaks 
(881.6, 885.1, 899.2 and 903.5 eV for Ce(III) and 882.6, 888.4, 898.2, 901.1, 906.7 and  
916.5 eV for Ce(IV), Blue curve: fitting (sum of component curves). The citrate stabilized Ce 
ENPs were obtained in a suspension and could not be analyzed, however, its Ce(III) 




The physical diameters and dissolution of the Ce ENPs in the exposure medium were 
then assessed by SP-ICP-MS. Samples were diluted (3.9 – 50 ng L-1 Ce) immediately preceding 
analysis in order to avoid coincident events, while maintaining sufficient particle numbers 
(between 1000 to 2000 ENPs). Uncoated Ce ENPs were partially agglomerated, with a mean dp 
of 19.7 nm (Table SI). Due to their high polydispersity (PDI = 0.95 ± 0.10), these ENPs were 
more accurately characterized using their mode diameter (9.0 nm), which was in close agreement 
with TEM results (Figure S5). Agglomeration was also important for the citrate stabilized Ce 
ENPs, which had a dp of 22.9 nm and a PDI of 0.34 ± 0.08. However, in this case, the mode dp 
(mode dp = 8.0 nm) was almost 2× higher than the dp obtained by TEM (i.e. 4.4 ± 0.9 nm). This 
difference can be explained by the small size of citrate stabilized ENPs which is close to the size 
detection limit (SDL) of the SP-ICP-MS (3.9 – 5.1 nm). Indeed, below 5 nm, many ENPs may 
have been attributed to the dissolved fraction. This explanation could also account for the low 
proportion of particulate Ce detected in PAA-coated Ce ENPs suspension (9.3 ± 2.4 %). The 
(false) attribution of the smallest (below SDL) PAA coated and citrate stabilized ENPs to the 
dissolved fraction is consistent with results obtained by centrifugal ultrafiltration (Table SI), 
where no dissolved Ce was detected in the exposure media. Finally, a surprisingly large fraction 
of ionic Ce was attributed to the particulate fraction by both SP-ICP-MS (36 ± 28%)  and 
centrifugal ultrafiltration (21 ± 11%) (Table SI). The formation of incidental Ce containing 
nanoparticles from solutions of ionic Ce at neutral pH was consistent with previous work that 
postulated the formation of metastable oxide or hydroxide precipitates30, even at these very low 
Ce concentrations. It is a strong indication that exposure solutions containing ionic Ce do not 































Figure S5. Representative size distributions of uncoated Ce ENPs (pink), citrate stabilized Ce 
ENPs (red) and PAA coated Ce ENPs (green) as determined by a high- resolution SP-ICP-
MS (dwell time 50 µs). Suspensions were prepared in the exposure solutions (10 mM 
NaHEPES, 10-5 M Ca, pH 7.0).  
 
Finally, Ce ENP suspensions were analyzed by DLS and AUC. These measurements are 
complementary to SP-ICP-MS because they characterize the hydrodynamic diameters (dh) of 
suspended particles, although measurements are necessarily performed on more concentrated 
suspensions (i.e. 40 to 50 mg L-1 Ce, NaHEPES at pH 7.0). At these high concentrations, the two 
coated ENPs were well dispersed with dh of less than 10 nm (Table SI). For the uncoated Ce 
ENPs, dh of 8.0 ± 0.1 nm was determined by AUC, which was in line with the primary size 
obtained by TEM, whereas micrometer-size agglomerates were detected by DLS (Table SI). 
Given that large agglomerates sediment too quickly to be detected by AUC and since light 
scattering is biased towards the larger particles (roughly proportional to dh
6), the results for the 
uncoated ENPs are consistent with the co-existence of individual particles and larger 
agglomerates (Table SI). Agglomeration was also consistent with electrophoretic mobility 
measurements that showed that the uncoated Ce ENPs had a less (negative) surface potential than 
the two coated ENPs (i.e. at pH 7.0, uncoated: -0.8 ± 0.5 µm.cm/s.V; citrate stabilized: -1.4 ± 0.3 




Figure S6. Electrophoretic mobility (µm.cm/s.V) of 40-50 mg.L-1 of the uncoated (pink 
circle), citrate stabilized (red triangle) and PAA coated (green square) Ce ENPs as function of 
pH in media buffered by NaMES between pH 5.0 and 6.0 and NaHEPES for pH 6.5 to 8.5. 
For the coated ENPs, these electrophoretic mobilities corresponded to zeta potentials of  -20 
mV, which appeared to be sufficient to stabilize the ENP suspensions via electrostatic 
repulsions. The pHzpc of the uncoated Ce ENPs was  6.3. Errors correspond to the standard 
deviations; n= 2 to 4. 
Ce valency 
The redox characteristics of Ce at the ENP surface are thought to be major determinants 
of the effects of Ce ENP on organisms,72,81 with generally higher toxicity for higher proportions 
of Ce(III) at the particle surface.79 According to the manufacturers, the Ce ENPs used in this 
study were composed mostly of Ce(IV) (i.e. CeO2 ENPs). However, analysis of Ce(III)/Ce(IV) 
ratios by XPS revealed that the uncoated Ce ENPs had 12% Ce(III) whereas the PAA coated Ce 
ENPs had nearly 100% Ce(III) (Figure S4). Indeed, XPS measurements for the PAA coated Ce 
ENPs suggested that they were largely organic with a mixture of Ce2O3 and Ce bound to the 
carboxylate groups (polyacrylate, oxalate). The results contrast with XRD (x-ray diffraction) data 
provided by the manufacturer, which suggested a crystalline CeO2 structure. This discrepancy 
could be explained by an expected structural transformation from CeO2 to Ce2O3 that is observed 
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for small (< 20 nm) Ce ENPs.162,163 Nonetheless, an underestimation of the core Ce(IV) cannot be 
excluded for these ENPs. Finally, while the citrate stabilized Ce ENPs were obtained in a 
suspension and could not be analyzed, earlier work by Auffan et al. (2014) on the same ENPs 
from the same producer, concluded that they contained ≤10% Ce (III).112 
RNA-Seq data 
Overview 
Table SII. Mapping statistics (mean ± standard deviation, n = 3 (for treatments) to 4 (for 
controls) resulting from the TopHat2 alignment on C. reinhardtii reference genome (version 5.3) 
and analysis of differential gene expression (DeSeq2, padj < 0.001, Log2FC > |1|).  
 








Coverage profile along genes 
 
Figure S7. Spatial repartition of normalised read numbers obtained by RNA-Seq over the 
gene length (5’->3’) for each biological replicate (n=3 for treatments or n=4 for controls) of 
the uncoated Ce ENPs (pink), the citrate stabilized Ce ENPs (Red), the PAA coated Ce ENPs 
















Figure S8. PCA scores from analysis of (A) entire transcriptome (16,808 transcripts, RNA-
Seq) or (B) DEGs with the respect to control (848 genes, DeSeq2, Log2FC > |1|, padj < 0.001) 
for C. reinhardtii after a 2 h exposure: uncoated Ce ENPs (pink circles, 39.3 ± 10.0 µg L-1), 
citrate stabilized Ce ENPs (red triangles, 33.2 ± 5.6 µg L-1), PAA coated Ce ENPs (green 






When differential expression levels of the entire transcriptome were compared, PCA was 
unable to identify clear covariances among the treatments (Figure S8.A). With the false 
discovery threshold adjusted was 0.001 and with a minimal cutoff of 15 reads, 848 genes showed  
a minimum of  2-fold change with respect to their control values in one or more of the treatments 
(Supplementary Data 2). When those DEGs were analyzed by principal component analysis, 
data were grouped around the Ce ENPs (associated with PCA1, 54% of variance) and ionic Ce 





















Functional annotation analyses   
Table SIII. Number of DEGs (with respect to control) in different metabolic pathways 
(MapMan) for C. reinhardtii following a 2 h exposure to uncoated Ce ENPs, citrate stabilized Ce 
ENPs, PAA coated Ce ENPs and ionic Ce. In the final two columns, ionic Ce was compared to 





Numbers in bold red accompanied by a star (*) are associated with enriched pathways and sub-





Figure S9. Radar plot showing the number of DEGs relative to the controls (DeSeq2, 
Log2FoldChange > |1|, padj < 0.001) according to their metabolic pathways (MapMan). 
Measurements were performed on C. reinhardtii following a 2 h exposure to (A) uncoated Ce 
ENPs (pink, scale=0 to 100 DEGs), (B) citrate stabilized Ce ENPs (red, scale=0 to 10 DEGs), 
(C) PAA coated Ce ENPs (green, scale=0 to 50 DEGs)) and (D) ionic Ce (blue, scale=o to 25 









Identification of exposure biomarkers   
 
 
Figure S10. Differentially expressed genes with respect to (A) ionic Ce, (B) citrate stabilized 
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With the growing number of applications using engineered nanoparticles (ENPs), 
increased environmental contamination is inevitable. Cerium (Ce) is a rare earth element that is 
incorporated in numerous consumer products, either in its cationic form or as ENPs. Given the 
propensity of small oxide particles to dissolve, it is unclear if biological responses induced by the 
ENPs will be due to the nanoparticles themselves or rather to the dissolved Ce fraction that co-
occurs. This study provides the foundation for the development of transcriptomic biomarkers that 
are specific for ionic Ce in the freshwater alga, Chlamydomonas reinhardtii. exposed either to 
ionic Ce or to two different types of small Ce ENPs (uncoated, 10 nm or citrate coated,  4 nm). 
Quantitative reverse transcription PCR was used to analyse mRNA levels of four ionic Ce 
specific genes (Cre17g.737300, MMP6, GTR12 and HSP22E) that were previously identified by 
whole transcriptome analysis in addition to two oxidative stress biomarkers (APX1 and GPX5). 
Expression was characterized for exposures to 0.03 to 3 µM Ce, for 60 to 360 minutes and for pH 
5.0-8.0. Near linear concentrations-responses curves were obtained for the ionic Ce. Distinct 
patterns of mRNA expression were observed as a function of exposure time, based upon the 
corresponding metabolic pathways of the genes. Some variability in the transcriptomic response 
was observed as a function of pH, which was attributed to the formation of metastable Ce species 
in solution. Oxidative stress biomarkers analysed at transcriptomic and cellular levels confirmed 
that different effects were induced for dissolved Ce in comparison to Ce ENPs. The measured 
expression levels confirmed that changes in Ce speciation and the dissolution of Ce ENPs greatly 




Approximately one consumer product containing engineered nanoparticles (ENPs) is 
created every day.164 Their increasing use and diversity of applications (biology, medicine, 
electronics, optics, cosmetics, textiles, painting, etc.) is largely explained by their unique 
properties, including a high specific surface area.76 Nonetheless, once emitted into environmental 
matrices, their properties change. In order to decrease their excess surface energy, they will 
undergo modifications such as agglomeration, adsorption, dissolution or even changes to their 
crystal structure.70 These modifications will dictate the intrinsic properties of the ENPs and their 
interfacial reactivities.165  
One of the major difficulties in evaluating the environmental effects of the metal-based 
ENPs is distinguishing between the effects of dissolution products and the nanoparticles 
themselves.166,167,97 Indeed, many of the metal-based nanoparticles dissolve significantly, 
especially at environmentally relevant (i.e. low) concentrations.168,169 Several authors have 
postulated that the effects of dissolved Ce to phytoplankton could be neglected with respect to the 
ENPs.110,58,111 Others have shown Ce ENPs to have a lower acute toxicity than ionic Ce.72,81 One 
of the difficulties is that it is technically difficult to quantify ENP dissolution at low particle 
concentrations.169 An alternate strategy would be to distinguish dissolved metal and ENPs at the 
level of the cell by using biomarkers that are specific to one form or the other of the metal. The 
use of biomarkers has the added advantage of contributing to our mechanistic understanding of 
the bioavailability of the toxic species, which can be helpful for assessing environmental risk via 
an adverse outcome pathways approach.  
Ideally, a biomarker should give a sensitive and specific molecular signal in response to 
an environmentally relevant exposure condition.80 In reality, biomarkers typically respond over a 
limited concentration range and in some cases, non-linearly with respect to environmental 
stressors. In addition, environmental media are generally complex and variable, with 
physicochemical factors such as temperature, pH, water hardness, organic matter content having 
the potential to influence the activation and intensity of the biomarkers. Therefore, in 
ecotoxicology, multiple biomarkers are generally used in order to identify effects 
concentrations.170 As much as possible, targets should be related to a relevant biological pathway 
and induction should be related to the dose of the stressor. Nonetheless, it is necessary to keep the 
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number of molecular targets included in the bioassay low enough so that analysis is both 
affordable and practical.  
Whole transcriptomic analysis (RNA-Seq) has been used previously to distinguish the 
effects of different metal oxide nanoparticles,150 the effects of particle size,94  the effects of 
particle coatings171 and nanoparticles at different stage of their life cycle.117 The present study 
contributes to the development of a transcriptomic bioassay for ionic Ce, by quantifying mRNA 
levels of genes that were identified as potential ionic Ce biomarkers in the freshwater eukaryotic 
green alga Chlamydomonas reinhardtii.171 Quantitative reverse transcription PCR (RT-qPCR) 
was performed on a number of promising biomarkers as a function of exposure time, dose and 
pH.172 The specificity of the response to ionic Ce was validated by analyzing mRNA levels of 
selected targets in response to uncoated and citrate stabilized Ce ENPs. 
Materials and Methods 
Ce forms of interest  
Ce(NO3)3 (ionic Ce) was purchased from Inorganic Ventures (1.0 g L
-1; ICP-MS 
standard). Uncoated Ce ENPs (nominally 15 - 30 nm) were purchased from Nanostructured & 
Amorphous Materials as a powder (1406RE). Triammonium citrate stabilized Ce ENPs 
(nominally 10 nm) were obtained from Byk (Nanobyk®-3810). The measured Ce concentration 
of the stock suspension of the citrate coated Ce ENPs was 187.6 ± 2.7 g L-1 Ce ENPs. Detailed 
characterization and preparation of the Ce ENPs can be found in Morel et al. (2019).171 
Culture and preparation of the microalgae 
C. reinhardtii is a green microalga that is ubiquitous to fresh waters and is often used for 
water quality monitoring and studies examining the toxicology of pollutants in natural waters. 
Details on its specific culture and preparation for experiments involving trace metals can be 
found in Zhao and Wilkinson (2015).56 In brief, wild type CC-125 (aka 137c) from the 
Chlamydomonas resource center was grown at 20°C under conditions of 12 h light/12 h dark (60 
mmol s-1 m-2) using orbital shaking (100 rpm), until algae reached their mid-exponential growth 
phase in 4×diluted TAP. The cells were then washed 3x with a simplified exposure medium (see 
below) that contained no Ce. Cell concentrate was added to the exposure solutions in order to 
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obtain 6.5-10 x 104 cells mL-1 (i.e. 0.15 cm2.mL-1). Cell concentrations and cell surface areas 
were measured using a Multisizer 3 particle counter (50 mm aperture; Beckman Coulter).  
Algal exposures  
Simplified experimental media were used during the exposure so that the chemical 
speciation of Ce could be precisely controlled. For example, phosphates can precipitate Ce and 
thus were removed from the exposure media. The absence of phosphates for short time 
experiments has been shown to not induce any deleterious effects to the microalgae.130 
Furthermore, 10-5 M Ca(NO3)2 was added to the exposure media in order to help preserve cell 
wall integrity.130 Exposures were conducted in triplicate (at least) with independent batches of 
microalgae and fresh exposure media that were prepared daily. Control treatments were 
conducted in similar exposure medium than treated cells but without the addition of any Ce 
forms. 
For the time series exposures, cells were exposed to 0.5 µM of Ce (70.1 µg L-1 for the 
ionic standard; 86.1 µg L-1 for the Ce ENPs) in a medium containing 10.0 mM NaHEPES (pH 
7.0) and 10-5 M Ca(NO3)2. Cells were sampled at 3, 10, 20, 40, 60, 120 and 360 minutes for the 
determination of Ce biouptake and at 60, 120, 240 and 360 minutes for the analysis of mRNA 
expression. Cells were pelleted by centrifugation (2000×g, 2 min., 4°C) from 200 mL of the 
exposure solution. Cell pellets were then resuspended in 1 mL of nuclease-free water before 
being transferred into 1.5 mL microtubes where they were again separated (2000×g, 1 min., 4°C), 
prior to being frozen on dry ice for 10 min. and stored at −80°C until RNA extraction.  
For the concentration-response exposures, C. reinhardtii was exposed for 2 hours to 0.03, 
0.05, 0.3, 0.5 or 3 µM Ce (nominal Ce concentrations for both ionic Ce and Ce ENPs) in 10.0 
mM NaHEPES (pH 7.0) and 10-5 M Ca(NO3)2. For exposures examining the effect of pH, Ce was 
held constant (0.5 µM Ce) while pH was varied by changing the pH buffer: 10.0 mM NaHEPES 
(pH 7.0, pH 8.0); 10.0 mM NaMES (pH 5.0, pH 6.0). Cell pellets were isolated as described 




Ce determinations  
Cerium concentrations in the exposure media were quantified by inductively coupled 
plasma mass spectrometry (ICP-MS, Perkin Elmer Nexion 300X).171 Dissolved Ce was 
distinguished from colloidal (ENP) forms using centrifugal ultrafiltration (Amicon ultra-4, 3 kDa 
molar mass cutoff) by centrifuging 4 mL samples for 20 min. at 3700×g. In order to minimize 
adsorptive losses to the ultrafiltration membrane, the filtrate was collected and analyzed only 
after the third centrifugation cycle. Mass balances were determined from Ce concentrations that 
were measured: (i) in the filtrate; (ii) in the solution remaining above the filter; and (iii) in an acid 
(69% v/v HNO3) extraction of the filter. Ce speciation in the exposure media was calculated with 
Visual Minteq (v3.1) using measured Ce concentrations and a partial pressure of 4.0x10-4 atm for 
CO2 (to take into account atmospheric contributions of carbonate/bicarbonate). 
 Ce biouptake  
For the analysis of Ce biouptake, 5 mL of 0.1 M EDTA was added to 45 mL of the 
exposure medium in order to stop biouptake and to simultaneously wash the adsorbed Ce from 
the cell wall, presumably leaving only internalized Ce.173 After 1 min. in EDTA, the solution was 
filtered through a nitrocellulose filter (pore size 3.0 μm, Millipore), which was then rinsed three 
more times with 5 mL of 0.01 M EDTA. A similar filtration protocol was carried out on exposure 
solutions without added algae, in order to quantify adsorptive losses to the filter. Furthermore, 1 
mL of the exposure medium was sampled immediately before and during algal exposition. Algal 
cells and filters were digested by adding 400 µL of ultrapure HNO3 (67–70%) and 300 µL of 
ultrapure H2O2 (30%), prior to heating the mixture at 80° C for 5 h (DigiPREP, SCP science).  
Digests were diluted in MilliQ water and analyzed by ICP-MS. During ICP-MS analysis, 
a Ce calibration curve was run every 20 samples while blanks and quality control standards were 
run every 10 samples. Indium was used as an internal standard to correct instrumental drift. All 
analyses were conducted at least in duplicate. 
RNA extraction  
Frozen cell pellets were thawed and then immediately resuspended in freshly prepared 
lysis buffer (0.3 M NaCl, 5.0 mM EDTA, 50 mM Tris-HCl (pH 8.0), 2.0% SDS (wt/v), 3.3 U 
mL-1 proteinase K), where they were incubated at 37°C for 15 min. with orbital shaking (300 
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rpm). Total RNA was isolated by extracting the sample 3x with phenol:chloroform:isoamyl 
alcohol (25:24:1, pH 6.8), followed by 1x with chloroform:isoamyl alcohol (24:1). At each step, 
samples were centrifuged (12,000xg, 10 min., 4°C) and supernatants were transferred into new 
tubes. Total RNA was precipitated from the final aqueous phase by isopropanol addition, then 
washed with 75% ethanol. After a final centrifugation, the pellet was resuspended in 20-30 µL of 
nuclease-free water. An aliquot (3 µL) was analyzed by automated electrophoresis for RNA 
quality (RIN number > 7, 1.8 < ratio 260/280 < 2.1, ratio 260/230>1.8; Bioanalyzer, Agilent) and 
spectroscopy (OD260) in order to determine the concentration of RNA (Nanodrop). RNA 
samples were stored at −80°C until RNA RT-qPCR analysis.  
Reverse transcriptase quantitative real-time PCR (RT-qPCR) 
Real-time PCR procedures and analysis followed MIQE guidelines.174 Primers and 
fluorescent probe sets for the Taqman assay were designed using the Roche Universal Probe 
Library website (www.universalprobelibrary.com). Specificity of the probes was verified 
using the grep function of the Linux exploitation system with primer sequences 
searched in two annotation files containing either the transcript or the gene sequences 
of C. reinhardtii (genome v5.3 assembly), allowing for exon overlaps. Exon positions and 
transcript isoforms were determined for each gene using the JGI Comparative Plant 
Genomics Portal.139 Total extracted RNA was converted into cDNA using the High Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems). Controls without reverse transcriptase 
were prepared in order to verify the absence of contaminating DNA. qPCR reactions were 
performed using the Taqman Fast qPCR MasterMix (Applied Biosystems) with a 1/5 dilution of 
reverse transcription products and primer and probe concentrations of 250 nM and 100 nM, 
respectively, in a final volume of 10 µL. ‘No template’ controls were also prepared in order to 
control for contamination. Enzyme activation was conducted for 20 s at 95°C and followed by 40 
dual temperature amplification cycles (1 s at 95°C and 20 s at 60°C) using the QuantStudio 7 
Flex Real-Time PCR Systems (IRIC Genomics Platform). For each primer pair and probe 
set, amplification efficiency was assessed using a standard curve and validated when >85%.  
To generate the standard curve, qPCR reactions were performed using cDNA from a mix 
of RNA samples using a serial dilution of 1/5, 1/25, 1/125 and 1/625. Data were analyzed using 
the QuantStudio Real-Time PCR software (v1.3). Relative mRNA levels were analyzed using the 
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2-∆∆CT method with the threshold cycle (CT). Non-induced control genes: RACK1175 (CT around 
20) and APG6 (CT around 27 and no observable changes in intensity171) were used for 
normalisation of the qPCR data (Table S1). The fold changes between 0.5 and 2.0 were related to 
technical and biological variability rather than treatment effect.  
Reactive oxygen species (ROS) production and oxidative stress 
Flow cytometry was employed to follow the oxidative stress and membrane damage in 
microalgae exposed under similar conditions as described above, except that nominal 
concentrations were 0, 0.05, 0.1, 0,5, 1 and 5 µM for the ionic Ce and 0, 0,5, 1 and 10 µM for the 
Ce ENPs. Three 1 mL or 0.5 mL aliquots were taken from each of algal suspensions following 
30, 90, 210 or 330 min. of exposure. The 1 mL aliquot was directly analyzed using flow 
cytometry (BD Accuri C6 Plus, BD) equipped with a 488 nm argon excitation laser and a 
CSampler (Accuri cytometers Inc., Michigan). A flow rate of 35 μL min-1 was used to measure 
cell density and biological parameters including: (i) size and granularity of C. reinhardtii using 
either forward laser scattering (0 ± 15°, forward scatter, FSC) or side scattering (90 ± 15°, side 
scatter, SSC); (ii) autofluorescence of chlorophyll (> 670 nm, FL3). Oxidative stress and 
membrane damage of the exposed algae were determined following staining with CellROX green 
and propidium iodide (PI). Two 0.5 mL aliquots were stained with 5 μM of CellROX green (Life 
Technologies Europe BV, Zug, Switzerland) or 7 μM propidium iodide (PI; Sigma – Aldrich, 
Buchs, Switzerland) in the dark for 30 min. Negative controls ([Ce] = 0 M) were performed for 
each exposure time and for each type of measurement. Positive controls were prepared from 0.5 
mL of an algal aliquot that was: (i) not exposed to Ce; (ii) incubated for 30 min. in the dark with 
cumene hydroperoxide (1.2 mM) or (iii) placed in warm water (T°> 50°C) for 30 min., prior to 
incubation with the fluorescent markers (CellROX, PI). CellROX green stained cells were 
followed using green fluorescence channel (530 ± 15 nm, FL1) and PI stained cells via yellow / 
orange fluorescence channel (585 ± 20 nm, FL2). Analyses were conducted in triplicate with 
independent batches of algae and exposure media that were prepared on different days.  
For each acquisition, a threshold of 10,000 events in the gate corresponding to algal cells 
was selected. Details on the flow cytometry gating strategy can be found in the Supplemental 
information (Figure S1 and Figure S2), however, it mainly followed procedures described in 
Cheloni et al. (2013, 2014).103,104 The proportions of cells that were present in the different gates 
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of interest were retrieved with the CFlow Plus program, in addition to the average values of the 
different parameters of interest. 
Statistical analyses 
Statistical analyses were performed in SigmaPlot (v12.0). Data points presented are 
determined from biological replicates (i.e. independent cultures), while error bars show the 
standard deviations. A one way analysis of variance (ANOVA) paired with the Holm-Sidak test 
were used to compare measured fold change to the threshold values (i.e. RT-qPCR) or to 
compare treated and untreated microalgae (i.e. cytometry data) with significance defined by * for 
p<0.05, ** for p<0.01 and *** for p<0.001. This method was also applied for all pairwise 
multiple comparisons with significant differences highlighted by the different letters when 
p<0.05.  
Results and Discussion 
 Identification of exposure biomarkers for ionic Ce  
Based upon RNA-Seq analysis,171 a number of candidate transcripts were identified as 
being specific to ionic Ce. Among the 57 transcripts that were shown to be clearly regulated by 
Ce,171 8 were selected based on the magnitude of their regulation by ionic Ce in regards to 
controls (i.e. the 4 most up-regulated and the 4 most down-regulated). Further filtering based 
upon the analysis of their raw expression profiles (Figure S3) and their functional annotations led 
to the selection of four transcripts: three that were induced following exposure to ionic Ce 
(Cre17.g737300, MMP6 and GTR12) and a single transcript (HSP22E) that was repressed in its 
presence (Table I). Transcript levels of ROS-induced genes  APX1176 and GPX5177 were added in 
order to test for occurrence of oxidative stress.   
RNA-Seq results were first validated using RT-qPCR assays (Table SI), that were 
conducted on independent samples of cells, which were exposed to similar exposure conditions 
(i.e. 0.5 µM Ce in HEPES, pH 7.0, 120 min. exposure). While the direction of regulation 
(induction or repression) was similar using RNA-Seq and RT-qPCR, the magnitude of the 
regulation (i.e. fold change values) generally differed (Table I). Differences were attributed to 




Table I. Functional information (MapMan ontology137,138 and JGI Comparative Plant Genomics 
Portal (Phytozome)139) and fold change in mRNA levels for selected differentially expressed 
genes (Fold-change > |2.0|) after a 120 min. exposure of C. reinhardtii to 0.5 µM of ionic Ce (pH 
7.0), as determined using RNA-Seq (n=3) and RT-qPCR (n=5 to 7). Four potential ionic Ce 
exposure biomarkers (Cre17.g737300, MMP6, GTR12, HSP22E), 2 oxidative stress biomarkers 
(APX1, GPX5) and 2 endogen controls (APG6, RACK1) were examined. 
Identification Functional information Fold change 
ID  Symbol Mapman Phytozome RNA-Seq RT-qPCR 
















4.9 ± 0.8 17.6 ± 8.2 
Cre14.g617450 HSP22E Protein folding 
Heat shock protein 
22E 
0.3 ± 0.9 0.3 ± 0.1 
Cre02.g087700 APX1 Redox Ascorbate peroxidase - 0.4 ± 0.2 








Beclin 1 - - 
Cre06.g278222 RACK1 Development 
Receptor of activated 
protein kinase C 
- - 
 
Ce biouptake and the induced transcriptomic signals as a function of time  
Ce biouptake increased over the first two hours of exposure but appeared to stabilize at 
longer times (Figure 1), consistent with prior results with this microalga.30 Given that Ce 
concentrations in the medium were constant over the entire exposure period (Figure S4), the 
decreased uptake flux (decrease in slope in Fig. 1) was likely due to biological regulation of the 
uptake (resulting from an increased efflux or decreased influx) as opposed to chemical effects 




Figure 1. –  Ce biouptake by C. reinhardtii as a function of exposure time for C. reinhardtii exposed 
to 0.5 µM of ionic Ce (n=2 to 3). 
 
The mRNA levels of the four most sensitive biomarkers (Table 1) were quantified during 
an exposure to 0.5 µM Ce over 360 min. (Figure 2). Three patterns of mRNA expression were 
observed: Cre17.g737300 increased over time to reach a plateau at 240 min. (Figure 2a); the 
expression level of HSP22E was repressed over time (Figure 2d); whereas the expression levels 
remained fairly stable for GTR12 and MMP6, over the entire exposure period (Figure 2b, 2c). 
For the oxidative stress marker genes, a significant repression of APX1 was observed at very 
short exposure times (Holm-Sidak test, p<0.01) but then values returned to control levels by 120 
min. (Figure S5a). Expression levels of GPX5 were stable and showed no sign of being regulated 




Figure 2. –  Fold change induction of (a) Cre17.g737300, (b) MMP6, (c) GTR12, and fold change 
repression of (d) HSP22E as a function of exposure time for C. reinhardtii exposed to 0.5 µM 
of ionic Ce. Induced biomarkers are indicated by red points, while repressed biomarker 
(=1/fold change induction) is represented by the green points (n=2 to 7). The dotted lines 
define the area in which the fold changes of mRNA levels are considered to occur randomly 
due to technical and biological variability (0.5>fold change<2.0).   
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Concentration-response relationship  
For a 120 min. exposure to ionic Ce, biomarker expression was examined as a function of 
the measured concentrations of Ce (from 0.03 to 3 µM nominally). Increased expression was 
observed as a function of concentration for all potential biomarker genes, up to 2-3 µM Ce 
(Figure 3). APX1 appeared to be repressed only for the highest exposure concentration (ionic Ce 
 3 µM) (Figure S6a), whereas expression levels of GPX5 were stable and showed no sign of 
being regulated by ionic Ce over the entire tested concentration range (Figure S6b).  
The no effects (mRNA) concentration170 for a 120 min. exposure was between 0.2 µM 
and 0.5 µM Ce for MMP6 (Holm-Sidak test, p<0.05) and HSP22E (Holm-Sidak test, p<0.05) and 
between 0.5 and 1 µM for Cre17.g737300 (Holm-Sidak test, p<0.001) and GTR12 (Holm-Sidak 
test, p<0.05) (Figure 3). As expected, these values are lower than the values required to observe 
significant biological effects at the cellular level. For example, an EC10 of 9.4 µM was observed 
for a 72 hours fluorescence inhibition assay for Pseudokirchneriella subcapitata.73 The predicted 
“no-effects” concentration (PNEC) estimated for a Ce salt was around 0.4 µM for an ecosystem 
level study by the same authors, which is in good agreement with the transcriptomic results 
obtained in this study.73  Finally, Collin et al. (2014) estimated a PNEC value of 5.8 nM for Ce 







Figure 3. –   Fold change induction of (a) Cre17.g737300, (b) MMP6, (c) GTR12, and fold change 
repression of (d) HSP22E as a function of concentration for a 120 min. exposure of C. 
reinhardtii to ionic Ce (n= 2 to 7). Induced biomarkers are indicated by red points, while the 
repressed biomarker (=1/fold change induction) is represented by green points. The dotted 
lines define the area in which fold changes of mRNA levels are considered to occur randomly 
due to technical and biological variability (0.5>fold change<2.0). 
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Role of pH on the transcriptomic signal 
Transcript levels of the biomarkers were evaluated for pH variations from 5.0 to 8.0 for 
0.5 µM ionic Ce and a 120 min. exposure time. Based upon thermodynamic calculations (Visual 
Minteq), free Ce in solution will vary from 99.9% to 5.9% of the total Ce in solution, over the pH 
range of 5.0 to 8.0. Measured Ce concentrations and calculated ionic Ce were fairly constant 
between pH 5.0 and 7.0 (Figure 4), however, metastable colloidal species, not predicted by 
equilibrium calculations, are thought to form, especially at the higher pH.171,30 For example, 
significant decreases of 20% of the total Ce (Holm-Sidak test, p<0.01) and nearly all of the 
dissolved Ce (Holm-Sidak test, p<0.001) were observed when increasing the pH from 7.0 to 8.0 
(Figure 4), suggesting losses by adsorption on the flask walls and/or the formation of 
sedimenting precipitates at pH 8.0. Indeed, the near absence of dissolved Ce at pH 8.0 broadly 
agreed with the transcriptomic responses observed for all of the biomarkers, which were not 
different from control values at pH 8.0 (Figure 5, Figure S7).  
 
 
Figure 4. –   (a) Total Ce concentration in the exposure media and (b) proportion of dissolved Ce as a 




Figure 5. –  Fold change induction of (a) Cre17.g737300, (b) MMP6, (c) GTR12, and fold change 
repression of (d) HSP22E as function of pH for a 120 min. exposure of C. reinhardtii to 0.5 
µM of ionic Ce. Induced biomarkers are indicated by red points, while repressed biomarker 
(=1/fold change induction) is represented by the green points (n= 2 to 7). The dotted lines 
define the area in which fold changes of mRNA levels are considered to occur randomly due 
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to technical and biological variability (0.5>fold change<2.0). Biomarker responses for the Ce 
ENPs 
Biomarker responses for the Ce ENPs 
Very little or no dissolved Ce could be detected in the Ce ENPs suspensions at pH 7.0 
(Table II), though this fraction did appear to increase at the lower pH for the citrate coated ENPs. 
In spite of these very low concentrations (and proportions) of dissolved Ce, biouptake was 10x 
higher for the ENPs than it was for dissolved Ce (Figure S8), for a similar total concentration of 
Ce in the exposure medium. 
In spite of a much greater biouptake in the presence of ENPs, induction did not differ 
from control responses for any of the selected biomarkers, either as a function of time (Figure 6) 
or concentration (Figure 7), strongly indicating a specificity for dissolved Ce. This result is 
important as it shows that these biomarkers could be used to distinguish between the effects of 
the ENPs and the effects of dissolved Ce. It also demonstrates that there is a clear mechanistic 
difference between the effect of dissolved Ce and that of Ce ENPs. Note that in spite of our 
efforts, no specific biomarkers for the Ce ENPs were identified to date. GTR12 did respond to the 
citrate coated Ce ENPs, but only at the most acidic pH (pH 5.0, Holm-Sidak test, p<0.01) 
(Figure S9). As postulated earlier,171 some of the transcriptomic effects observed for the citrate 
coated Ce ENPs may have come from increased citrate in the medium, rather than from a specific 
ENP effect, however, this result implied that the effects of these Ce ENPs were due to their 
dissolution products rather than to the ENP themselves. Admittedly, this point would require a 
more thorough examination of all potential biomarkers (Chlamydomonas has 19,526 predicted 
transcripts).178,142As expected, based upon the weak response for the ENPs, little variation in the 







Table II. Total Ce concentrations and percentages of dissolved Ce as a function of pH after 120 
min. exposure of C. reinhardtii to 0.5 µM Ce in the form of either citrate coated Ce ENPs or 
uncoated Ce ENPs (n= 2 to 6).  
pH 
Total Ce concentration (µM) Dissolved Ce (%) 
Citrate coated Uncoated Citrate coated Uncoated 
5.0 0.28 ± 0.09 0.35 ± 0.09 10.0 ± 8.9 ND 
6.0 0.42 ± 0.07 0.42 ± 0.04 1.4 ± 1.7 1.1 ± 0.4 
7.0 0.38 ± 0.02 0.42 ± 0.07 0.2 ± 0.2 ND 
8.0 0.28 ± 0.09 0.39 ± 0.04 ND ND 





Figure 6. –  Fold change in mRNA levels of (a) Cre17.g737300, (b) MMP6, (c) GTR12, and 
reciprocal of fold change in mRNA levels of (d) HSP22E as a function of exposure time for 
C. reinhardtii exposed to 0.5 µM of total nominal Ce (dissolved and ENP) for citrate coated 
Ce ENPs (empty symbols) and uncoated Ce ENPs (full symbols) (n=2 to 7). The dotted lines 
define an area in which the fold change mRNA levels are considered to occur randomly due 




Figure 7. –  Fold change in mRNA levels of of (a) Cre17.g737300, (b) MMP6, (c) GTR12, and 
reciprocal of fold change in mRNA levels of (d) HSP22E as a function of the Ce 
concentration for a 120 min. exposure of C. reinhardtii to citrate coated Ce ENPs (empty 
symbols) and uncoated Ce ENPs (full symbols) (n=2 to 7). The dotted lines define the area in 
which fold changes of mRNA levels are considered to occur randomly due to technical and 
biological variability (0.5>fold change<2.0). 
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Validation of the transcriptomic signatures 
mRNA levels generally changed in a single direction as a function of both exposure time 
and Ce concentration, which is an important point when identifying useful biomarkers. It also 
suggests that the conditions that were employed in this study did not induce important changes in 
the metabolism of C. reinhardtii. This observation was reinforced by the absence of induction in 
the mRNA levels of the oxidative stress biomarkers (APX1, GPX5) at these concentrations of 
ionic Ce. Nonetheless, this result does not exclude the response of other stress biomarkers to Ce 
since similar exposure conditions have led to an overexpression of the reactive oxygen species 
(ROS) and a modification in the membrane permeability of C. reinhardtii, when determined by 
the flow cytometry (Figure S11 a, d). For example, after a 120 min. exposure to 1 µM ionic Ce, 
10% (Holm-Sidak test, p≤0.001) of the microalgae presented an excess in ROS and while 7% 
(Holm-Sidak test, p≤0.05) showed signs of membrane damage. For the short exposure times used 
here, similar effects were not observed when the microalgae were exposed to Ce ENPs, even at 
higher concentrations (> 1 µM Ce) (Figure S11 b, c, e, f). Indeed, ROS generation and 
membrane damages have really only been reported in C. reinhardtii for much longer exposure 
times (> 12h) and high concentrations of Ce ENPs.59 
Nonetheless, not all of the biomarkers were affected in the same manner by exposure 
time, which may have been related to the specific biological pathways within which the 
investigated genes were involved. For example, in the case of HSP22E and APX1, both were 
induced at early exposure times (i.e. maximum of down-regulation was observed at 60 min.) and 
both encode chloroplast-targeted proteins that are induced during oxidative stress.179 Given the 
significant modifications to cell size were observed within 60 min. following the exposure of C. 
reinhardtii to 1 µM (p≤0.05) and 5 µM (p≤0.001) of Ce (Figure S12a), the induction of 
Cre17g.737300 that was observed as a function of time and concentration may have reflected 
perturbations in cell turgor at the higher concentrations of ionic Ce. Indeed, while no precise 
biological function for the protein that is encoded by Cre17g.737300 has been yet identified in C. 
reinhardtii, high sulfur keratin-associated transmembrane proteins have been reported to be up-
regulated in maize during hydric stress.180 The absence of such an effect (at both the 
transcriptomic and cellular levels) when the microalgae were exposed to environmentally 
relevant concentrations of Ce ENPs (Figure S12 b,c) suggests that the regulation of genes related 
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to cellular processes171 may allow C. reinhardtii to adapt well to short-term and low 
concentration exposures of the ENPs. 
Summary and environmental implications 
Due to their high specificity and relative linearity with the respect the concentration of 
ionic Ce (over an environmentally relevant concentration range), four biomarkers 
(Cre17.g737300, GTR12, MMP6 and HSP22E) were identified as being specific to dissolved Ce 
(likely Ce3+) in C. reinhardtii. With their different sensitivities, their simultaneous use could be 
an appropriate strategy for identifying bioavailable Ce to C. reinhardtii and perhaps other 
biological species. Indeed, the low concentrations of dissolved Ce that co-occurred in the 
suspensions of citrate coated Ce ENPs at pH 5.0 were likely signaled from the induction of 
GTR12. One caveat should be noted. A much greater variability in mRNA levels was observed 
when the pH of media varied. This result likely reflected the complexity of Ce speciation, even in 
simple aqueous media, resulting from the formation of metastable species, which are likely 
highly charged and likely to sorb to multiple surfaces including cell walls and exposure container 
walls. Finally, the specificity of this transcriptomic signature will need to be validated in the 
presence of other rare earth metals since in nature, they are almost always found as metal 
mixtures.2 The presence of ligands such as phosphate or natural organic matter should also be 
validated as they are both likely to attenuate the bioavailability of Ce181 and/or the metabolism of 
the microalgae.159   
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Supplementary information   
Supplementary materials and methods  
RT-qPCR optimization assay results 
Table SI. RT-qPCR probe efficiencies for ionic Ce exposure biomarkers (MMP6, GTR12, 
Cre17.737300 and HSP22E), oxidative stress biomarkers (GPX5 and APX1) and 2 endogen 
controls (APG6 and RACK1). Probe numbers refer to Roche Universal Probe Library 
numbers. CT 1st and CT 4th correspond respectively to the cycle threshold (CT) obtained 
after the first dilution (1/5) and the last dilution (1/625) used to test amplification efficiencies 
of RT-qPCR assays (i.e. standard curves, n=2, technical duplicates). No CT was obtained for 
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Flow cytometry data acquisition and data treatment 
For each acquisition, a threshold of 10,000 events occurring in the P2 window associated 
with the algal cells (Figure S1, b) was set, after exclusion of any doublets located outside the P1 
window (Figure S1, a). In view of the complexity of certain suspensions containing Ce ENPs, 
the chlorophyll autofluorescence signal from algal cells (FL3) was preferred to signals of size and 
granularity (FSC and SSC) when defining the "algal" gate (M1, Figure S1, c), which is then 
applied to all of the data dealing with the biological parameters of interest. The V2-L window 
(Figure S1, c) was used to measure the proportion of the FL3 signal that was associated with 
background noise and/or cellular debris, particles or aggregates of the Ce ENPs. For the cellular 
oxidative stress and damages to membrane permeability, windows of positive or negative 
responses were defined by comparing the profiles obtained for the positive and negative controls 
(Figure S2).  
 
Figure S1. Gates defined from a negative control and used on flow cytometry data in order to 
(a) allow the exclusion of doublets; (b) set a counting threshold for 10,000 events; (c) 






Figure S2. Windows of positive biological responses defined from positive (a, c) and 
negative (b, d) control samples whose FL1 and FL2 fluorescence were measured after 




Selection of the biomarkers 
 
 
Figure S3: Raw read numbers obtained using RNA-Seq171 for 8 pre-selected transcripts after 
a 120 min. exposure of C. reinhardtii to 0.5 µM Ce: ionic Ce (Ce3+), citrate coated Ce ENPs 
(Cit), uncoated Ce ENPs (Bare) or no cerium (Ctl) (n=3 for treatments, n=4 for control).The 
transcripts identified by a red star were selected for use as exposure biomarkers. 
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Exposure to ionic Ce  
 
Figure S4: Concentration of ionic Ce in the exposure medium (nominally 0.5 µM) as a 
function of exposure time (min) in the presence of C. reinhardtii (n=2 to 3). 
mRNA levels following exposure to Ce 
 
Figure S5: Fold change repression of (a) APX1 and fold change in mRNA levels of (b) GPX5 
as a function of exposure time for C. reinhardtii exposed to 0.5 µM of ionic Ce (n=2 to 7). 
APX1 initially showed a repression of mRNA levels and was thus plotted as 1/fold change 
induction (green points) while GPX5 did not appear to be affected by time (grey points). The 
dotted lines define the area in which fold changes of mRNA levels are considered to occur 
randomly due to technical and biological variability (0.5>fold change<2). ANOVA paired 
with Holm-Sidak test were used to compare measured fold changes to the threshold value (i.e. 
2.0) with significance defined by * for p<0.05, ** for p<0.01 and *** for p<0.001. This 
85 
 
method was also applied for all pairwise multiple comparisons between treatments with 
significant differences highlighted by different when p<0.05. 
 
 
Figure S6: Reciprocal of fold change of mRNA levels for (a) APX1 and fold change for (b) 
GPX5 as a function of Ce concentration for a 120 min. exposure of C. reinhardtii to ionic Ce 
(n=2 to 7). APX1 showed a repression of expression levels with time and was thus plotted as 
1/fold change induction (green points) while GPX5 did not appear to be affected by time 
(grey points). The dotted lines define the area in which fold changes in mRNA levels are 
considered to occur randomly due to technical and biological variability (0.5>fold 
change<2.0). ANOVA paired with Holm-Sidak test were used to compare measured fold 
changes to the threshold value of 2.0 and between treatments although no significant 





Figure S7: Reciprocal fold change in mRNA levels of (a) APX1 and fold change in mRNA 
levela of (b) GPX5 as a function of pH for C. reinhardtii exposed to 0.5 µM of ionic Ce. 
APX1 showed a repression of expression levels with time and was thus plotted as 1/fold 
change induction (green points) while GPX5 did not appear to be affected by time (grey 
points) (n=2 to 7). The dotted lines define the area in which fold changes of mRNA levels are 
considered to occur randomly due to technical and biological variability (0.5>fold 
change<2.0). ANOVA paired with Holm-Sidak test were used to compare measured fold 
changes to the threshold value of 2.0 and between treatments although no significant 
differences were observed (p<0.05). 
 Ce ENP biouptake 
 
Figure S8: (a) Ce biouptake by C. reinhardtii and (b) total Ce concentration measured in the 
exposure medium as a function of exposure time for C. reinhardtii exposed nominally to 0.5 
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µM Ce: ionic Ce (blue circles); citrate coated Ce ENPs (white triangles); uncoated Ce ENPs 
(black diamonds) (n=2 to 3). 
Ce ENP transcriptomic effects 
 
Figure S9: Fold change in mRNA levels of (a) Cre17.g737300, (b) MMP6, (c) GTR12, and 
reciprocal of fold change in mRNA level of (d) HSP22E  as function of pH for a 120 min. 
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exposure of C. reinhardtii to 0.5 µM Ce: citrate coated Ce ENPs (empty symbols); uncoated 
Ce ENPs (full symbols) (n=2 to 7). The dotted lines define the area in which fold changes of 
mRNA levels are considered to occur randomly due to technical and biological variability 
(0.5>fold change<2.0). ANOVA paired with Holm-Sidak test were used to compare 
measured fold changes to the threshold value of 2.0 with significance defined by * for 
p<0.05,** for p<0.01 and *** for p<0.001. This method was also applied for all pairwise 
multiple comparisons between treatments with significant differences highlighted by different 




Figure S10: Reciprocal of fold change in mRNA levels of (a, b, c) APX1 and fold change in 
mRNA level of (d, e, f) GPX5 as a function of (a, d) exposure time, (b, e) concentration and 
(c, f) pH for C. reinhardtii exposed to citrate coated Ce ENPs (empty symbols) and uncoated 
Ce ENPs (full symbols) (n=2 to 7). The dotted lines define the area in which fold changes of 
mRNA levels are considered to occur randomly due to technical and biological variability 
(0.5>fold change<2.0). ANOVA paired with Holm-Sidak test were used to compare 
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measured fold changes to the threshold value of 2.0 and between treatments although no 
significant differences were observed (p<0.05). 
Oxidative stress analyses at a cellular level (flow cytometry) 
 
Figure S11: (a, b, c) ROS overproduction and (d, e, f) membrane damage for C. reinhardtii 
as a function of time and concentration for exposures to (a, d) ionic Ce, (b, e) citrate coated 
Ce ENPs and (c, f) uncoated Ce ENPs at pH 7.0 (n=2 to 3). ANOVA paired with Holm-Sidak 
test were used to compare treated and untreated microalgae, with significance defined by * 





Figure S12. - Cell surface area/size (FSC signal) as function of time and concentration for (a) 
ionic Ce, (b) citrate coated Ce ENPs and (c) uncoated Ce ENPs at pH 7.0 (n=2 to 3). ANOVA 
paired with Holm-Sidak test were used to compare treated and untreated microalgae, with 
significance defined by * for p≤0.05,** for p≤0.01 and *** for p≤0.001. 
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Chapitre 3 – Whole transcriptome profiling (RNA-Seq) of a 
rare earth metal mixture in Chlamydomonas reinhardtii 
shows mainly antagonistic interactions among the metals. 
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In order to better understand the risks of rare earth elements (REEs), it is necessary to 
determine their fate and biological effects under environmentally relevant exposure conditions 
(e.g. low concentrations, REE mixtures). Contradictory results have been reported with respect to 
REE bioavailability to aquatic microorganisms. Here, the unicellular freshwater microalga, 
Chlamydomonas reinhardtii, was exposed for 2 h to one of three soluble REEs (Ce, Tm, Y) salts 
at 0.5 μM or to an equimolar mixture of the REEs. Relative bioavailabilities were deduced from 
whole transcriptome profiling analysis and results have been interpreted with respect to REE 
speciation. Common biological targets related to a protein secretory pathway were identified 
when the REEs were applied individually. Potential REE competition with calcium was also 
highlighted. When exposed to ionic Ce, C. reinhardtii appeared to acclimate by stimulating 
arginine synthesis and regulating protein folding. When REEs were applied as a mixture, 
antagonistic effects were overwhelmingly observed. These results suggest that the approach of 
government agencies to regulate the REEs using biological effects data from a single metal is 





Rare earth elements (REEs) are strategic metals in the development of the low-carbon 
energy sector.7,8 They include the lanthanide metals, in addition to Y and Sc. In the aquatic 
environment, REE concentrations vary from ng.L-1 in non-contaminated waters25 to mg.L-1 in the 
more contaminated ones.182 Nonetheless, REE contamination levels appear to be increasing in the 
environment, due largely to increasing e-waste discharges183  and agricultural applications, such 
as REE enriched fertilizers.184, 185 In addition, REE contamination has been observed in streams 
close to REE mines.17  
In natural systems, the light lanthanides (La to Eu) are generally found at higher 
concentrations than the heavy lanthanides (Gd to Lu), largely due to their differing solubilities.186 
Heavy REEs are generally more strongly complexed than light REEs,2 potentially decreasing 
their free ion concentration (and thus their bioavailability). Although there are relatively few 
exposure data available to define the risk of REEs to environmental and human health, early 
reports indicated that the heavy REEs are more toxic than the light ones.187 Nonetheless, 
complicating interpretation on the risk of REEs is work suggesting that REE speciation cannot be 
predicted solely from thermodynamic considerations;188,189 work from our lab showing that some 
(small, hydrophilic) REE complexes were bioavailable;56,55 and the observation of significant 
variations of toxicity data among biological species.2 In addition, numerous toxicological 
experiments that have been performed in the presence of phosphates, which are known to 
precipitate the REEs.73  
Organisms inhabiting metal-contaminated natural waters are almost always exposed to 
metal mixtures.190 This is especially true for metals within the REE series, which are nearly 
always found together in natural systems.191-27 In metal mixtures, uptake may be both competitive 
and non-competitive, resulting in biological uptake and toxicological impacts that can be 
antagonistic, additive or even synergistic.190, 192-194 For algae, biouptake experiments have shown 
antagonistic effects for binary mixtures of REEs,55 however, biological effects measurements are 
rare, especially for environmentally relevant concentrations of REE mixtures. Generally 
speaking, the interpretation of bioaccumulation or toxicity results for REE mixtures is complex 
due to interactions at the site(s) of toxicity, interactions among physiological processes and 
potential chemical interactions with constituents in the media, affecting chemical speciation.2 
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In order to understand the biological effects of REEs, at low concentrations and in 
mixtures, transcriptome profiling (RNA-Seq) analysis was performed on Chlamydomonas 
reinhardtii exposed to Ce (light lanthanide), Tm (heavy lanthanide), Y and a mixture of these 
metals. Transcriptomic effects of the REEs were inferred from the known functions of the 
differentially regulated genes in comparison to unexposed microalgae. Expression levels for an 
equimolar mixture of REEs were then compared to predictions based upon the single metal 
exposures.  
Materials and methods 
Materials 
All experiments were performed in polymerware (polypropylene or polycarbonate), which 
was first soaked in 2% v/v HNO3 for 24 hours, rinsed 7x with Milli-Q water (total organic carbon 
< 2 µg L-1; resistivity > 18 MΩ cm) and dried under laminar flow conditions. Chemicals were 
molecular biology grade or higher, including acetic acid (analytical grade, Fisher Scientific); 
chloroform (99,8%, Acros organics); nuclease-free water (Qiagen); K2HPO4 and KH2PO4 (ACS 
reagent grade, Fisher Chemical); Tris (Tris-(hydroxymethyl)-aminomethane, USP/EPgrade, 
BDH); EDTA disodium salt (Bioultra grade, Sigma-Aldrich); Isotone (VWR); HNO3 (67–70%; 
Aristar Ultra, BDH), NaOH (Acros Organics), NaMES (2-(N-morpholino)ethanesulfonic sodium 
salt, Acros Organics); NaHEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic sodium salt, 
Acros Organics). Single element (1.0 g.L-1; Ce(NO3)3, Tm(NO3)3, Y(NO3)3) and multielement 
(10 mg.L-1; CMS-1) ICP-MS standards were acquired from Inorganic Ventures.  
 Culture and exposure conditions  
C. reinhardtii is a green microalga that is ubiquitous to fresh waters and often used for 
studies examining the toxicology of pollutants in natural waters. Details on its specific culture 
conditions and preparation for experiments involving trace metals have been published 
previously.56 In brief, the wild-type strain CC-125 (aka 137c, Chlamydomonas resource center) 
was cultured in 4×diluted TAP at 20°C under conditions of 12 h light/12 h dark (60 mmol s-1 m-2) 
using orbital shaking (100 rpm), until algae reached their mid-exponential growth phase. Cells 
were then washed 3 times as follows: pelleting by centrifugation (2000xg for 3 min) followed by 
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resuspension in an exposure medium (see below) that contained no Ce. The concentrated cell 
suspension was then diluted to 6.5-10 x 104 cells mL-1 (i.e. 0.15 cm2.mL-1) in an exposure 
solution containing the appropriate metal concentration. Culture densities and cell surface areas 
were measured using a Multisizer 3 particle counter (50 mm aperture; Beckman Coulter).  
Cells were exposed for 2 h to 0.5 µM of Ce, Tm, Y or their equimolar mixture (Mix) in 
10.0 mM NaHEPES (pH 7.0 in a solution also containing 10.0 µM Ca(NO3)2).
130 This simplified 
experimental medium was used so that the chemical speciation of REEs could be precisely 
controlled. The latter was modeled using Visual MINTEQ v3.1, under the assumption that the 
solutions were in equilibrium with 14.0 µM CO2(aq). In order to evaluate adsorptive losses and/or 
contamination, dissolved (< 0.45 μm, nitrocellulose membrane, Millipore) metal concentrations 
in the experimental media were measured: (i) after preparation of solutions but before the 
addition of the cells; (ii) following the addition of the cells and (iii) at the end of the 2h exposure 
of the algae to the REEs. Four hundred µL of HNO3 (67–70%) was added to 1 mL of sample 
followed by 5 h of heating at 80° C (DigiPREP, SCP science). Samples were then diluted in 10 
mL and analyzed by inductively coupled plasma mass spectrometry (ICP-MS, PerkinElmer; 
NexION 300X). A calibration curve for each element was run every 20 samples while blanks and 
quality control standards were run every 10 samples. Indium was used as the internal standard to 
correct for instrumental drift. 
 Cell densities were low enough to ensure that REE concentrations did not decrease 
significantly over the duration of experiment (Figure S1). Following the 2 h exposure, cells were 
pelleted from 200 mL of the exposure solution by centrifugation (2000×g, 2 min, 4°C). Cell 
pellets were resuspended in 1 mL nuclease-free water before being transferred into 1.5 mL 
microtubes where cells were again pelleted by centrifugation. Cell pellets were frozen on dry ice 
and stored at −80 °C.  
Total RNA extraction  
Frozen cell pellets were thawed and immediately resuspended in freshly prepared lysis 
buffer (0.3 M NaCl, 5.0 mM EDTA, 50 mM Tris-HCl (pH 8.0), 2.0% (w/v) SDS, 3.3 U mL-1 
proteinase K) and then incubated at 37°C for 15 min with orbital shaking (300 rpm). Total RNA 
was isolated by extracting the sample 3x with phenol:chloroform:isoamyl alcohol (25:24:1, pH 
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6.8), followed by 1x with chloroform:isoamyl alcohol (24:1). At each step, samples were 
centrifuged (12000xg, 10 min, 4°C) and supernatants were transferred into new tubes. Total RNA 
was precipitated from the final aqueous phase by isopropanol, then washed with 75% ethanol. 
After a final centrifugation, the pellet was resuspended in 20-30 µL of nuclease-free water. A 3 
µL aliquot was analyzed by automated electrophoresis for RNA quality (RIN number > 7; 1.8 < 
ratio 260/280 < 2.1; ratio 260/230>1.8; Bioanalyzer, Agilent) and spectroscopy (OD260) in order 
to determine the concentration of RNA (Nanodrop). RNA samples were stored at −80°C until 
RNA RNA-Seq analysis. 
RNA-Seq analysis 
DNase treatment, mRNA selection, library preparation (NEB/KAPA mRNA stranded 
library preparation) and Illumina sequencing were carried out at the Genome Quebec facilities 
(www.gqinnovationcenter.com). Two lanes on a HiSeq (v.4) were used for the paired-end 
sequencing (2 × 100 base pairs) of 25 samples (5 replicates for each treatment: Ce; Tm; Y; Mix; 
Controls). All replicates were from independent algal cultures.  
For each sample, ca. 55 million of reads with their sequences, identification and quality 
scores were stored in two FastQ files. Read quality was explored with FastQC131, while filtering 
quality and adapter trimming were carried out with Trim Galore!.132 Only paired reads obtained 
after the cleaning step (phred >20, length > 21 bp) were conserved. Reads were aligned to the C. 
reinhardtii genome v5.3 assembly using TopHat2 with standard presets except that intron size 
was between 30 and 28000 bbp.133 Approximately 45 million reads were mapped for each sample 
(around 82% of raw data) with concordant pair alignment accounting for 85% of the total mapped 
reads in each sample. GeneBody coverage python script (RSeQC) was used to calculate the 
number of reads for each nucleotide position and to generate a plot illustrating the coverage 
profile along the gene (Figure S2).134 The number of reads per gene was determined using the 
Python package HTSeq.135 Differentially expressed genes (DEGs) were identified using 
DESeq2136 for log2 fold change (Log2FC) values exceeding |3| and false discovery rates (padj) < 
0.001. Gene annotations were retrieved from MapMan ontology.137,138 The JGI Comparative 
Plant Genomics Portal was also used to explore the function of gene sets of interest, such as the 
“not assigned” gene list obtained from MapMan.139  The Fisher exact test (FET) was used to 
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identify enriched metabolic pathways. The Algal Functional Annotation Tool was used to convert 
gene and transcript IDs, when necessary.140 
Combined effect modeling  
Due to limitations in the applicability of the addition concentration model for 
transcriptomic data195, an Independent Action (IA) model was used to predict transcriptomic 
effects associated with the mixture. The conceptual approach depicted by Song et al. in the case 
of binary toxicant mixture196 was adapted to a ternary mixture and the combined effects of the 
mixture treatments were evaluated for each differentially expressed gene (DEG). Additive 
interactions among the REEs were obtained when the Log2FC (fold change) observed for a given 
gene in the mixture treatment was equal to the Log2FC predicted by the IA model (Eq. 1), defined 
as the sum of the Log2FC of individual REE treatments (xi represents the different REE:  Ce, Tm 
or Y). Gene expression was considered to be synergistic for |Log2FCobserved (Mix)| > 
|Log2FCpredicted (Mix)| and antagonistic when |Log2FCobserved (Mix)| < |Log2FCpredicted (Mix)|. 
Different patterns of combined effects were also discriminated by taking into account the 
direction of the transcriptional regulation.196 
Log2FCobserved (Mix) = Log2FCpredicted (Mix) = 𝛴 Log2FCobserved (xi)  (Eq. 1) 
Results and discussion 
Chemistry of the exposure solutions 
Speciation calculations indicated that the REEs should exist mainly as free metal ions in 
the simplified exposure solutions (72% to 85% of the total metal), with small contributions of 
carbonate and hydroxide complexes (Figure S3). Nonetheless, in preliminary filtration controls 
of solutions containing the individual metals or the mixtures, important losses of REE were 
observed when filtering over 0.45 µm nitrocellulose membranes (91 ± 4% of Ce; 84 ± 4% of Tm 
and 70 ± 18% of Y). Losses were attributed to the adsorption of the trivalent metals to the flasks 
or filters, potentially following the formation of metastable (non-equilibrium) particles.2,30 In 
spite of a thorough acid wash prior to use, losses were much more important when re-using older 
polycarbonate flasks, again reinforcing the hypothesis that adsorptive losses were occurring. In 
order to ensure consistency between added and measured concentrations in the exposure 
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solutions: new flasks were employed; solutions were pre-equilibrated at least 24 hours prior to 
exposure; and concentrations were measured at the start and the end of the exposure period 
(Figure S4). In this manner, REE concentrations were stabilized, ranging from 4.5 to 4.9x10-7 M 
prior to the introduction of the algae (nominal concentration = 5x10-7 M).  
Overview of the RNA-Seq data   
Transcriptome profiling with RNA-Seq was used to compare effects of Ce, Tm, Y or an 
equimolar mixture of the three metals (2 h exposure to a nominal REE concentration of 5.0x10-7 
M). Of the 19,526 predicted transcripts in Chlamydomonas reinhardtii,142 16,855 (86%) were 
detected, indicating sufficient coverage of the genome. Principal component analysis (PCA), 
performed on expression levels of the detected transcripts, revealed that samples exposed to Tm, 
Y and the mixture could be distinctly grouped from those exposed to Ce (PC2, 33% of variance) 
(Figure 1A). PCA also indicated that the mixture effect was most strongly influenced by Tm (and 
to a lesser extent by Y).  
 
Figure 1. –   (A) PCA scores from RNA Seq analysis resulting in 16,855 detected transcripts 
following a 2 h exposure of C. reinhardtii to 5.0x10-7 M of: Ce (blue), Tm (pink), Y (red), 
Mixture (green) and control (i.e. no added metal, black). (B) Differentially expressed genes 
(DEGs) with respect to the control (Log2FC > |3|, padj < 0.001), following a 2 h exposure of C. 




In comparison to control values obtained for unexposed cells, 884 genes showed at least 
an 8-fold change (FC) due to one or more of the treatments (Log2FC > |3|, padj < 0.001) 
(Supplemental Data 1). Direct comparison of the numbers of differentially expressed genes 
(DEGs) suggested that bioavailability decreased in the order Y (653 DEGs) > Ce (458 DEGs) > 
Tm (320 DEGs) > Mix (240 DEGs) (Figure 1B). These differences can only partly be attributed 
to free ion concentrations in solution (Ce3+>Y3+>Tm3+) and are thus again indicative of 
distinctive transcriptomic effects of the 3 metals. The proportion of up-regulated and down-
regulated DEGs was similar in all treatments, with about 70% down-regulated genes (76% for 
Ce; 72% for Y; 64% for Tm and 68% for the mixture; Figure 1B). Below, we first explore the 
common biochemical effects of the REEs. Second, we discuss the results that led us to believe 
that some of the biological effects are distinct for the REEs. Finally, we examined the nature of 
the interactions for REEs in a common exposure solution. 
 
Common biological targets for the REEs  
Of the 884 genes that were differentially expressed with respect to the controls, 156 (18%) were 
regulated by all three of the REEs (Figure 1B, Supplemental Data 2). Functional annotation 
revealed that an important fraction of the commonly induced genes (14 of the 40 up-regulated 
DEGs) encoded proteins that were involved in protein processing in the endoplasmic reticulum 
(ER) (Table SI). Genes involved in protein targeting to secretory pathways were significantly 
enriched for all treatments (FET, p < 0.05) (Table I). Since protein modifications and trafficking 
via the endomembrane system which begins at the ER are associated with many diverse cellular 
processes, the significance of this observation is unclear. However, given that Ca2+-binding 
chaperone proteins in the ER, such as BIP1 and DNJ3,197 were up-regulated by the REEs, a 
potential competition of the REEs with calcium was suspected. This result is consistent with 
results obtained for Desmosdesmus quadricauda, another green microalgae, where lanthanides 
were shown to alleviate the effects of a calcium deficiency.198 Interestingly, a few genes that 
encode calcium-related proteins, acting outside the ER, were down-regulated by the REEs 
(Supplemental Data 2). Among them, a gene encoding a primary active calcium transporter 
located in the plasma membrane (Cre16.g681750) was down-regulated, consistent with an 
observed decrease in Ce biouptake in the presence of Ca2+.30 The regulation of calcium-related 
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targets may also occur at other biological levels. As an example, metal-dependent conformational 
changes in calreticulin, a key Ca2+ signaling protein in the ER, have been observed199 (though no 
transcriptomic effect was observed here in the presence of the REEs). The nature of the 
interactions between the REEs and Ca2+ in C. reinhardtii (i.e. direct competition or modulation of 
Ca2+ signaling) will require future investigation. 
The expression of genes encoding stress-related proteins acting in the cytosol or other 
cellular organelles (e.g. genes involved with xenobiotic resistance, redox stress and osmotic 
stress) were down-regulated by REEs (Supplemental Data 2). Finally, several genes related to 
DNA replication and regulation of gene expression, including different transcription regulators 
(TRs) and transcription factors (TFs) or genes encoding proteins involved in chromatin structure 
or ribosome biogenesis, appeared to be regulated by the REEs (Supplemental Data 2).  
In summary, most of the DEGs common to the REEs were related to biological responses 
that function in stress tolerance or the regulation of metabolism. No clear evidence of acute 
toxicity was observed. This was expected given the sub-lethal exposure concentrations (0.5 µM) 
and the short exposure times (2 h) that were used in order to reveal more environmentally 
relevant effects. Indeed, higher REE concentrations and longer exposure times are generally 
required to observe toxic endpoints such as growth inhibition in microalgae (e.g. EC50 of > 2000 





Table I. Number of DEGs (with respect to control conditions) for several important metabolic 
pathways and sub-pathways (MapMan) following a 2 h exposure of C. reinhardtii to Ce, Tm, Y 




Ce Tm Y Mix 
Amino acid  5 4 6 3 
Degradation 0 0 1 0 
Synthesis  5 3 5 2 
Cellular processes 6 6 10 4 
Cell development 5 3 7 3 
DNA 7 3 12 4 
Hormone  1 2 2 1 
Lipid  4 5 9 3 
Major CHO  1 0 3 0 
Minor CHO  4 1 2 1 
Miscellaneous enzyme 
families 
6 6 8 4 
Not assigned 317 224 451 175 
Nucleotide  2 1 4 1 
Protein 41 32 67 16 
Activation 1 0 3 0 
Degradation 9 6 14 2 
Folding 6 7 11 5 
Posttranslational modification 13 12 23 6 
Synthesis 4 0 5 0 
Targeting 8 7 11 3 
Photosynthesis 2 2 7 3 
Redox 3 2 2 1 
RNA 20 11 28 9 
Signaling 8 8 10 5 
Stress 5 2 4 1 
Abiotic 4 2 4 1 
Biotic 1 0 0 0 
Organic acid 
transformation 
1 2 3 2 
Tetrapyrrole 1 0 3 1 
Transport of metals and 
small molecules 




Ce anomaly among the REEs 
Among the common annotated functions for all three metals, a large number of DEGs 
were related to protein metabolism, RNA metabolism and the transport of metals and small 
molecules (Table I, Figure S4). In contrast, genes involved in amino acid metabolism, stress and 
numerous non assigned genes were only enriched as a result of the Ce exposures (FET, p < 0.05). 
Further analyses at the level of specific pathways, indicated that Ce stimulated glutamate 
metabolism and regulated abiotic stress related genes, though genes responded to a lesser extent 
than the other REEs (Table I, Supplemental Data 3). Indeed, genes encoding enzymes in 
arginine synthesis (i.e. glutamate metabolism) were up-regulated by 9 to 11-fold following 
exposure to Ce and protein folding (i.e. abiotic stress) was either up- or down-regulated by 11 to 
18-fold. Ce specifically down-regulated two genes encoding stress-induced heat shock proteins 
(HSPs): a putative HSP70 (Cre02.g141186) and a chloroplast targeted HSP22C (Supplemental 
Data 3), in addition to HSP90B and BIP1 that were up-regulated by all of the tested REEs (as 
mentioned above - Common biological targets for the REEs). Most of the Ce specific genes have 
no annotated function (FET, p < 0.05) (Table I). 
 Interestingly, despite its distinctive redox properties among the REEs, no significant 
enrichment in redox-related pathways was found for the cells exposed to Ce. For example, genes 
encoding a protein disulfide isomerase (PDI1) and a superoxide dismutase (MSD5) were 
regulated by exposure to all three of the metals.  
Finally, although PCA analysis and the Venn’s plot strongly indicated a unique response 
of Chlamydomonas to Ce, differences among the REEs represented only 8% of the explained 
variance when PCA analysis was restricted to the 884 DEGs (PC2: 8% of variance) (Figure S5). 
This indicates that much of the difference between Ce and the two other REEs (Tm and Y) is 




Antagonistic effects in the REE Mixture 
For cells exposed to an equimolar mixture of Ce, Tm and Y, only 240 DEGs were 
significantly up- or down-regulated and among those, 101 were common to DEGs that were seen 
during the treatments with the individual metals (Figure 1B). Given that for any given REE, the 
mixture contained the same concentration of metal in addition to the two complementary metals, 
the observation that there were far fewer DEGs in the mixture (i.e. 240 DEGs) than for any of the 
individual REE treatments (i.e. > 320 DEGs) is strong evidence that competitive interactions are 
occurring among the metals. Furthermore, cells exposed to the mixture had far more DEGs in 
common with the Tm exposed cells (207 out of 320 DEGs, 64%) than with those exposed to Y 
(217 out of 653 DEGs, 33%) or Ce (108 out of 420 DEGs, 25%) (Figure 1B).  
The expression profiles of the 240 DEGs induced by the mixture were compared to 
predictions of an IA model. The results strongly indicated antagonistic interactions among the 
three REEs with 162 DEGs showing antagonistic downregulation, 76 showing antagonistic 
upregulation, one showing a synergistic interaction (i.e. enhanced downregulation) and one 
showing a contradicted regulation (i.e. reverse upregulation) (Supplemental Data 4). For 
example, none of the stress and/or damage biomarkers showed additive or synergistic interactions 
among the REEs in the mixture (Table 2). Similar results were obtained for entire dataset of 884 
DEGs with >99% of the genes displaying antagonistic interactions among Ce, Tm and Y. 
Given the high proportion of DEGs that were common between the mixture and the 
individual REE (25% to 64%, Figure 1B and above) and the paucity of DEGs that were specific 
to the mixture (i.e. 10 DEGs, Figure 1B); the near absence of additive or synergistic interactions 
is surprising. Biouptake experiments in the presence of binary REE mixtures have generally 
shown that as the concentration and biouptake of one REE is increased, biouptake of the 
secondary REE is reduced.55 Furthermore, affinity constants for the binding of REE to the 
biological uptake sites are similar, with only a small apparent increase as one goes from left to 
right in the periodic table (i.e. KLa of 10
6.8 M-1; KCe of 10
6.9 M-1; KSm of 10
7.0 M-1; KEu of 10
7.0 M-
1).55 The similarity of the affinity constants suggests that the sum of accumulated REEs should 
remain nearly constant, although Tm might outcompete Ce to a small extent. The observation that 
fewer genes were significantly differentially expressed and that fold changes were generally 
lower in the mixture as compared to the individual metal exposures suggests that competitive 
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interactions between REEs might occur for their biouptake (common transporter, perhaps related 
to Ca uptake, e.g. Cre16.g681750) and/or for their interactions with common intracellular targets 
(18% of the DEGs identified in this study). On the other hand, the presence of DEGs that were 
specific to a single metal treatment (i.e. 194 of 458 DEGs for Ce and 238 of 653 DEGs for Y; 
Figure 1B) suggests some independent targets of independent REE once inside the cells. 
 
 Table II. Annotated functions and log2FC of several stress-related genes that were differentially 
expressed in response to treatments with the individual REEs or the mixture (Mix). Metal 
interactions (synergistic or antagonistic) for a specific gene were deduced from a deviation of the 
calculated log2FC value with respect to the expected value obtained for the mixture using an 












-1.7 -5.2 -4.6 -4.9 -11.5 A. up 
cre12.g518200 PDI1 Thioredoxin -4.2 -3.6 -4.5 -3.1 -12.2 A. up 
cre02.g090850 CLPB3 Stress abiotic 2.2 3.3 4.2 3.3 9.7 A. down 
g17150 HEP2 HSP70s co-
chaperones 
2.9 3.5 3.6 3.4 10.1 A. down 
cre07.g327450 DNJ34 2.7 2.9 3.2 3.1 8.7 A. down 
g4407 DNJ31 2.6 3.4 3.8 3.2 9.8 A. down 
















2.8 3.4 3.8 3.2 10.0 A. down 
Log2FC <-1 represent the genes that were induced by the treatment while Log2FC >1 
represents those that were repressed, ABC= ATP Binding Cassette, A.= antagonistic interaction. 
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Implications for regulatory agencies and metals researchers 
Based on the above observation that antagonistic interactions largely predominated in the 
REE mixture, it follows that the approach of governmental agencies to derive toxicity and effects 
data from single metal mixtures will be largely conservative for the rare earth metals. Given that 
nearly all contamination of the REE occurs as mixtures, these results suggest that the use of the 
single metal data will be overprotective. Moreover, our results diminish concern for potential 
synergistic effects or emergent toxicity of REE mixtures in natural waters. Nonetheless, two 
caveats need to be noted: data were obtained for a single organism and all exposures were 
performed at sub-lethal exposure levels. The (initial) observation of adsorptive losses to container 
walls and untested role of REE complexes, strongly suggests that great care should be made 
when extrapolating results obtained in the laboratory to real world conditions.   
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Supplementary information   
Supplementary materials and methods  
Exposure optimization 
 
Figure S1. Total REE concentrations measured in the exposure media immediately following 
preparation (T0), after 24 hours of equilibration (T24) and after 2 hours of exposure to the 
algae (T2A) for exposure solutions nominally containing 5.0x10-7 M of Ce, Tm, Y or their 
mixture in 10-2 M NaHEPES. pH 7.0. Experiments were performed in old polymerware (A) 






Coverage profile along genes 
 
Figure S2:  Spatial repartition of normalized read numbers obtained by RNA-Seq over the 
gene length (5’->3’) for each biological replicate (n=5) of the control or Ce, Y, Tm treatments 





Supplementary results  
REE speciation modelling 
 
Figure S3: Species distribution for Ce, Tm, Y in the exposure media as predicted by Visual 
Minteq (in the presence of 10-2 M HEPES, 10-5 M Ca(NO3)2 and 1.4x10
-5 M CO2(aq)). Data were 
generated for 4.5 to 4.9x10-7 M of the REE. Free ion concentrations represented 94% of Ce, 72% 
















Functional annotation analyses 
Table SI. Functional information and induction levels of genes (Log2FC) related to protein 
processing in the endoplasmic reticulum and which were commonly induced by individual REE 
treatments.  ER: endoplasmic reticulum, PM: plasma membrane. 
Gene identification Functional information Log2 (FC) 
ID Symbol MapMan Phytozome 
Cellular 
component  
Ce Tm Y Mix 








-4.7 -5 -5.9 -4.4 
g7473  Not assigned 
Protein folding 
regulator 
ER, PM, vacuole -4.2 -4.5 -5.5 -3.9 




ER, PM, vacuole -3.3 -3.1 -4.4  





ER, PM, vacuole -4.1 -3.3 -4.3  




 -3.3 -3.4 -4.1 -3.1 




to Golgi transport 
vesicle, PM, 
vacuole 
-3.4 -3.3 -4  
Cre02.g080700 BIP1 Protein folding 
ER associated 
Hsp70 protein 





ER associated heat 
shock protein 90B 





II vesicle coat 
Golgi, ER, PM, 
vacuole 


























subunit or ER 
translocon 






Cytosol -4.2 -3.5 -4.5 -3.1 
Cre01.g032050 UAA1 
Transport. P-
sugars at the 
UDP-galactose 
transporter related 
Golgi, ER, PM, 
vacuole 





Figure S4. Radar plot showing the number of DEG relative to controls (DeSeq2, 
Log2FoldChange > |3|, padj < 0.001) according to the metabolic pathways (MapMan) for a 2 h 
exposure of C. reinhardtii to (A) Ce (blue, scale=0 to 50 DEGs), (B)Tm (pink, scale=0 to 40 






Figure S5. PCA scores for the analysis of DEGs (884 genes, Log2FC > |3|, padj < 0.001) for 
C. reinhardtii after a 2 h exposure to Ce (blue), Tm (pink), Y (red), Mixture (green), and 
control (black). Differential expression is relative to the control (no metal) solutions. This 
figure looks at only DEGs (as opposed to Fig. 1A in the main body of the paper, which shows 
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Supplementary Data 1. Differential gene expression analysis and MapMan ontology for all the 
differentially expressed genes  
Supplementary Data 2. Differential gene expression analysis, MapMan ontology and functional 
complementary information for genes commonly regulated by REE treatments.  
Supplementary Data 3. Differential gene expression analysis, MapMan ontology and functional 
complementary information for Ce responding genes.  





Biodisponibilité relative du Ce anthropique chez C. reinhardtii  
Dans ce projet, la biodisponibilité relative du Ce ionique par rapport aux nanoparticules 
d’oxydes de cérium et au Tm et à l’Y a été déduite des transcriptomes de C. reinhardtii. Il ne 
s’agit pas d’analyses quantitatives de la biodisponibilité de ces éléments comme le seraient des 
mesures de bioaccumulation, par exemple. Cependant, cette approche permet de se placer 
directement du point de vue de l’organisme exposé, et donc de s’affranchir de la quantité de Ce 
bioaccumulé, qui ne reflète pas forcément l’intensité des effets biologiques produits. Par 
exemple, les Ce NMs peuvent induire des effets biologiques par simple contact avec les 
membranes biologiques (sans être forcément internalisées).  
Des effets transcriptomiques généralement distincts entre les Ce NMs et le Ce ionique ont 
été observés dans les études menées soit à un temps fixé suite à l’exposition des microalgues à 
une concentration unique de Ce s’intéressant à caractériser plus de 16 000 signaux biologiques 
(Chapitre 1) ou soit pour des conditions d’exposition variées (temps, concentrations, pH) ne 
mesurant que quelques signaux biologiques (Chapitre 2). Des niveaux de transcrits plus 
importants de GTR12 ont été observés chez les cellules de C. reinhardtii exposées aux Ce NMs 
enrobées de citrate à pH 5.0, ce qui témoigne de l’importance de la stabilité des Ce NMs 
produites, même si généralement, la dissolution des Ce NMs dans des conditions 
environnementales des eaux douces de surface semble négligeable (<10% pour des pH 5.0). 
Ensemble ces résultats révèlent que la biodisponibilité des Ce NMs pour C. reinhardtii ne dépend 
pas uniquement de leur dissolution, contrairement à l’hypothèse 1. 
Des analyses approfondies des caractéristiques physico-chimiques initiales des Ce NMs 
ont révélé des différences importantes dans l’état d’oxydation des Ce NMs sélectionnées, 
supplémentaires à la présence ou non d’un enrobage organique. En effet, toutes les Ce NMs 
sélectionnées devaient être composées principalement de CeO2 (Ce(IV)) selon les informations 
des producteurs. Cependant, les analyses de spectroscopie photoélectronique à rayons X ont 
révélé que les Ce NMs enrobées de PAA étaient majoritairement composées d’atomes de Ce 
réduits (Ce(III)). Cependant, en dépit de leurs différentes distribution de tailles, différents 
rapports de Ce(III)/Ce(IV) et différents enrobages, les Ce NMs non enrobées et celles enrobées 
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de PAA présentaient peu de différences par rapport aux cibles moléculaires qu’elles affectaient. 
Alors que les Ce NMs enrobées de citrate qui présentaient la même stabilité colloïdale que les Ce 
NMs enrobées de PAA et le même rapport Ce(III)/Ce(IV) que les Ce NMs non enrobées, ont eu 
un impact particulièrement atténué comparé à celui des deux autres. La biodisponibilité des Ce 
NMs n'était donc pas limitée aux petites NMs dispersées en suspensions.  
Des analyses ayant trait à la bioaccumulation et à la spéciation intracellulaire du Ce, nous 
permettraient de valider certaines différences mises en évidence dans les chapitres 1 et 2, entre 
les formes ioniques et les formes nanoparticulaires du Ce. Pour exemple, elles permettraient 
d’identifier si les cellules de C. reinhardtii isolent les Ce NMs dans des compartiments cellulaires 
spécifiques (ex. espace périplasmique, vacuole) ou si elles les transforment (dissolution, 
réduction, complexation).201 
Défis des analyses transcriptomiques 
L’analyse de profilage du transcriptome entier a permis d’identifier des gènes et voies 
métaboliques mobilisées chez les populations algales de C. reinhardtii pour s’adapter à leurs 
expositions à des nanoparticules d’oxydes de cérium ou à des sels d’éléments de terres rares pour 
des concentrations d’exposition de 0,5 µM Ce, Tm et/ou Y en milieux contrôlés à pH 7.0.  Cette 
technique très quantitative est actuellement préférée à la méthode des puces à ADN. Cependant, 
l’analyse des données issues du séquençage haut-débit est complexe. De grandes quantités de 
données sont générées, un niveau d’expertise important est nécessaire pour assurer la bonne 
qualité du traitement bio-informatique de ces dernières, tout comme, leur interprétation (ex. 
identification des voies métaboliques).  
Valeurs seuils 
Le seuil qui définit la significativité des variations des quantités d’ARNm entre les 
échantillons traités et les échantillons contrôles (Log2FC) doit respecter une certaine cohérence 
entre le nombre de réplicas biologiques et les taux de faux et de vrais positifs attendus. Le choix 
du programme utilisé pour identifier les gènes différentiellement exprimés est également 
important. Ainsi, selon une étude de Schurch et al. si l’on dispose de 3 réplicas biologiques, 
qu’on utilise le programme DESeq2, comme tel a été le cas dans les chapitre 1 et 3, il est 
nécessaire d’appliquer au moins un seuil de log2FC de |0,5| avec un taux de faux positif corrigé 
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pour le test multiple d’hypothèse, padj, de 0,05.
200 Dans le chapitre 1, nous avons utilisé un seuil 
de Log2FC de |1,0| et un padj de 0,001, ce qui semble donc conservatif en vue des 
recommandations de l’article précédemment cité. Un Log2FC de |1.0| équivaut à une induction ou 
une répression de 2 par rapport au contrôle, seuil généralement considéré lorsque les quantités de 
ARNm sont mesurées par RT-qPCR. L’application de paramètres trop conservatifs peut toutefois 
limiter l’identification de vrais positifs, et surtout limiter la mise en évidence des voies 
métaboliques dans lesquelles interviennent les protéines encodées par ces gènes vraiment 
différentiellement exprimés mais non détectés. Par exemple, si un log2FC minium de |2.0| avait 
été fixé seulement une dizaine de gènes différentiellement exprimés aurait été identifiée chez les 
microalgues exposées en tripliquas aux nanoparticules d’oxydes de cérium (Tableau I). Dans le 
chapitre 2, possédant plus de réplicas biologiques indépendants (n=5), au moins trois fois plus de 
gènes différentiellement exprimés auraient été obtenus si un Log2FC de |2.0| avait été fixé 
(Tableau II). 
 
Tableau I. Nombre de gènes différentiellement exprimés en fonction des seuils fixés pour 
l’estimation des taux de faux positifs (padj) et la variation de la quantité d’ARNm (Log2FC) par 
rapport aux contrôles chez C. reinhardtii après 2 h d’exposition à du Ce ionique, des Ce NMs 
enrobées de citrate, enrobées de PAA et non-enrobées (chapitre 1, n= 3). Les valeurs en gras et 
en rouge sont issues des seuils sélectionnés pour l’étude. 
 Ce ionique Log2FC > |1| Log2FC > |2| Log2FC > |3| 
Ce ionique 
padj < 0.01 262 17 1 
padj < 0.001 138 17 1 
Cit-Ce NMs 
padj < 0.01 33 8 3 
padj < 0.001 23 7 3 
PAA-Ce NMs 
padj < 0.01 819 6 0 
padj < 0.001 315 6 0 
Ce NMs non 
enrobées 
padj < 0.01 1414 14 0 




Tableau II. Nombre de gènes différentiellement exprimés en fonction des seuils fixés pour 
l’estimation des taux de faux positifs (padj) et la variation de la quantité d’ARNm (Log2FC) par 
rapport aux contrôles chez C. reinhardtii après 2 h d’exposition à du Ce, Tm, Y et leur mixture 
équimolaire (chapitre 3, n= 5). Les valeurs en gras et en rouge sont issues des seuils sélectionnés 
pour l’étude. 
  Log2FC > |1| Log2FC > |2| Log2FC > |3| Log2FC > |4| 
Ce 
padj < 0.01 5540 1785 458 120 
padj < 0.001 5486 1785 458 120 
Tm 
padj < 0.01 4480 1436 320 60 
padj < 0.001 4348 1436 320 60 
Y 
padj < 0.01 5056 1956 653 177 
padj < 0.001 4943 1956 653 177 
Mix 
padj < 0.01 4339 1299 240 27 
padj < 0.001 4210 1298 240 27 
 
 Sur les 338 gènes différentiellement exprimés identifiés à la suite d’une exposition de C. 
reinhardtii à 0,5 µM de Ce ionique pendant deux heures à pH 7.0 dans le chapitre 1, 22 ont été 
similairement identifiés dans le chapitre 2 (Figure 1). Ils sont associés à des Log2FC > |1,4| pour 
le chapitre 1 et Log2FC > |3,0| pour le chapitre 3. Il est possible que cette faible répétabilité entre 
les deux analyses ARN-Seq pour une même condition soit attribuée à l’augmentation à la fois du 
nombre de réplicas biologiques et des seuils de Log2FC pour le deuxième batch d’expériences. Il 
est également à noter que du fait d’une contamination bactérienne des cultures solides de 
microalgues, une nouvelle culture avait dû être débutée entre la réalisation de ces deux 
expériences de séquençage aléatoire du transcriptome entier de C. reinhardtii. 
 
Figure 1. –  Diagramme de Venn obtenu pour les gènes différentiellement exprimés dans le chapitre 1 
(n=3, Log2FC > |1|, padj < 0.001) et dans le chapitre 2 (n=5, Log2FC > |3|, padj < 0.001) suite à 
une exposition de C. reinhardtii à 0,5 µM de Ce ionique pendant deux heures à pH 7.0.  
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Identification de biomarqueurs 
Bien que peu nombreux, les 22 gènes différentiellement exprimés communs entre les deux 
chapitres contiennent notamment GTR12, Cre17g.737300, MMP6 et HSP22E qui composent la 
signature transcriptomique spécifique d’une exposition de C. reinhardtii à du Ce ionique 
relativement aux Ce NMs, validée en milieu aqueux simplifié (chapitre 2). Les quantités 
d’ARNm de ces quatre biomarqueurs transcriptomiques identifiés par ARN-Seq ont été 
reproduites avec succès par RT-qPCR, et ont présenté une variation monotone suivant le temps et 
la concentration d’exposition des microalgues au Ce ionique (hypothèse 2 validée). Ils avaient été 
initialement sélectionnés sur la base de l’intensité de leur régulation parmi les gènes spécifiques 
au Ce ionique (i.e. Log2FC les plus importants en valeurs absolues). Cependant, l’analyse des 
quantités d’ARNm suite à une exposition des microalgues à d’autres ETRs (Chapitre 3) a 
démontré que GTR12 était également induit par le Tm, l’Y et la mixture équimolaire composée 
de 0,5 µM de Ce, Y, Tm (Tableau III) et que les trois autres biomarqueurs transcriptomiques 
analysés (MMP6, Cre17g.737300 et HSP22E) ne répondent plus à la présence de Ce lorsque ce 
dernier est mélangé avec d’autres ETRs (en milieu contrôlé) (Tableau III).  
Leur applicabilité dans le contexte de développement d’un bio-essai permettant la 
détection de forme dissoute et nanoparticulaire du Ce dans les matrices environnementales est 
donc compromise puisque les ETRs sont très souvent retrouvés ensemble dans la nature. Aussi, 
ces effets compétitifs permettent d’infirmer l’hypothèse 4 selon laquelle la réactivité redox 
atypique du Ce ionique induirait une biodisponibilité différente de celles des autres ETRs. Une 
précipitation des ions Ce en nanoparticules a été observée par SP-ICP-MS donnant un signal de 
la fraction particulaire du Ce représentant environ 20% du Ce total à pH 7.0 (Chapitre 1 et 
chapitre 2). Des analyses similaires dans les milieux d’exposition contenant la mixture d’ETRs 
permettraient de vérifier si de tels particules sont également formées en présence d’autres ETRs 






Tableau III. Informations fonctionnelles (MapMan)137,138 et changements des quantités d’ARNm 
(fold change) des 4 biomarqueurs transcriptomiques validés dans le chapitre 2 (GTR12, 
Cre17g.737300, MMP6 et HSP22E) après 120-min. d’exposition de C. reinhardtii à 0,5 µM of 
Ce, Tm, Y ou leur mixture (pH 7.0) déterminés par ARN-Seq (n=5). 
ID Mapman Ce Tm Y Mixture 
GTR12 Carbohydrate mineur  9.4 9.6 9.8 12.8 
Cre17.g737300 - 12.9     
MMP6 Dégradation des protéines  30.1     
HSP22E  Repliement des protéines 0.3       
 
L’identification de biomarqueurs transcriptomiques d’exposition de C. reinhardtii aux 
différentes formes du Ce anthropique demandera donc des efforts de recherches supplémentaires 
dans l’optique du développement d’un bio-essai. Les deux bases de données de ARN-Seq 
obtenues dans ce projet sont sources de nombreuses découvertes sur les effets transcriptomiques 
du Ce, du Tm et de l’Y. 
Informations mécanistiques 
 Par exemple, les transcrits de SEC12, ARL9 et ARL12 ont été fortement induit (Log2FC > 
|1,5| pour chapitre 1, Log2FC > |4,5| pour chapitre 3) par le Ce ionique et les autres ETRs. Ces 
gènes encodent des protéines impliquées dans le transport vésiculaire vers une direction encore 
inconnue (Supplementary Data des chapitres 1 et 3). Il est possible que ces vésicules se dirigent 
vers la vacuole, qui est le compartiment cellulaire principal de détoxification chez les cellules 
algales.201 Aussi, des gènes reliés au complexe d’exocyste ont été communément induits chez les 
microalgues exposées au Ce ionique et aux Ce NMs non enrobées ou enrobées de PAA 
(Chapitre 1, Supplementary Data 4). L’exocytose serait donc potentiellement un autre 
mécanisme de détoxification entrepris par les microalgues pour s’acclimater à la présence de Ce 
ionique ou nanoparticulaire. Il s’agit maintenant de confirmer de telles hypothèses par des 
analyses complémentaires soit à d’autres échelles biologiques (ex. moléculaire et cellulaire, 




Dans le chapitre 2, les analyses par RT-qPCR ont mis en évidence que des biomarqueurs 
de stress oxydatifs (GPX5, APX1) étaient soit peu affectés soit réprimés lors d’une exposition de 
C. reinhardtii à du cérium, ionique ou nanoparticulaire. Le cérium n’induit donc pas dans les 
conditions d’exposition la génération en excès de H2O2, une espèce réactive de l’oxygène 
induisant l’expression GPX5 et APX1. Cependant, des marqueurs fluorescents non spécifiques 
ont révélé la présence d’espèces oxydantes en excès chez les cellules de C. reinhardtii traitées 
dans des conditions d’exposition similaires, ainsi que des modifications significatives de leur 
perméabilité membranaire (Chapitre 2 - Figure S11). Ensemble, ces résultats pourraient 
indiquer que le stress oxydant souvent rapporté chez les organismes exposés au cérium ne passe 
pas par la génération de H2O2 mais ne permettent pas de conclure sur l’effet anti- ou pro-
antioxydant des différentes formes de cérium testées. L’interprétation du niveau d’expression de 
quelques gènes en termes d’effets biologiques chez les cellules est donc limitée, infirmant ainsi 
l’hypothèse 3.   
Les analyses transcriptomiques effectuées dans ce projet fournissent donc une quantité 
importante d’informations sur les potentiels effets biologiques des ETRs, mais seules, elles 
présentent une interprétation limitée. Il incombe ainsi d’effectuer des analyses complémentaires 
afin de pouvoir intégrer de telles observations dans un contexte d’évaluation du risque 
environnemental de ces éléments, via par exemple, des approches émergentes telles que 
l’Adverse Outcome Pathway.202 La reproductibilité des résultats devrait être préalablement établie 
pour des échantillons indépendants de ceux analysés par les techniques ‘omiques’ en tant que 
telle avant que les données ne soient intégrées aux modèles d’évaluation des risques. Aussi, la 
sélection des seuils permettant d’établir l’importance biologique des réponses obtenues par de 




De l’évaluation des profils d’expression de gènes à l’évaluation du 
risque écologique  
La diversité des propriétés physicochimiques des nanoparticules produites implique que 
ce ne sont pas tous les types de nanoparticules utilisés qui vont pouvoir être évalués par les 
organisations gouvernementales. Il incombe donc de définir les propriétés essentielles qui 
déterminent la biodisponibilité et les effets des Ce NMs. Selon nos résultats, l’état 
d’agglomération des Ce NMs et l’état d’oxydation des atomes de Ce présents à leurs surfaces ne 
sont pas des indicateurs suffisants de leurs biodisponibilités et effets chez les microalgues. 
L’enrobage des Ce NMs semble être un facteur clef pour leur biodisponibilité chez C. reinhardtii 
comme cela a été montré chez certaines plantes cultivées (e.g. maïs67, blé69 et concombre203). Les 
réglementations pourraient s’orienter dans le sens de l’utilisation d’enrobages biocompatibles, par 
exemple, le citrate, qui a atténué les effets transcriptomiques des Ce NMs. 
De nombreux projets d’exploitations minières des ETRs sont actuellement en cours 
d’évaluation pour contrer la réduction des exportations chinoises de ces métaux.19 Aussi 
l'efficacité des Ce NMs est maintenant étudiée dans une perspective de sécurité alimentaire.108 
C’est donc sans conteste que les concentrations de ces substances, dont le risque environnemental 
reste à évaluer, vont augmenter dans les années à venir. La perte de la majorité des ETRs par 
adsorption sur les contenants expérimentaux utilisés pour les expositions et la biodisponibilité 
suspectée des complexes d'ETRs indiquent qu'il faut faire attention lors de l'extrapolation des 
résultats obtenus en laboratoire au monde réel. Les effets compétitifs observés entre les ETRs 
suggèrent par exemple, que les concentrations maximales permissives estimées via des tests 
d’écotoxicité réalisés un contaminant à la fois, seraient donc conservatrices et protectrices pour 
les écosystèmes aquatiques. Cependant, la spéciation de ces éléments peut être complexe même 
en milieu simplifié et n’a pas forcément été suffisamment considérée lors de tels tests.  
Dans nos milieux d’exposition simplifiés, les concentrations en ions libres ont été 
favorisées pourtant aucun biomarqueur transcriptomique de dommages (ex. apoptose) n’a été 
induit par les cellules de C. reinhardtii exposées durant 2h à 70 µg L-1 de Ce, de Tm et/ou d’Y. 
Cette faible réactivité des éléments de terres rares à court terme se veut rassurante mais doit être 
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Annexes 
Formes chimiques du Ce 
Comme il n’existe pas de Ce NMs modèles, possédant l’ensemble des caractéristiques des 
nanoparticules utilisées par l’industrie, cinq types de ENPs ont été initialement sélectionnés pour 
représenter des nanoparticules de tailles et d’enrobages différents (Tableau I). Les suspensions 
stock de CeO2 enrobées citrate (Ce NMs-Cit) sont commercialisées sous le nom de Nanobyk
®-
3810 et sont principalement utilisées comme protection UV pour des revêtements (Byk, 
Allemagne). Les suspensions stock de Ce NMs enrobées de poly(acrylique acide) (Ce NMs-
PAA) et les Ce NMs non enrobées ont été achetées chez Vive Nano (Canada), Sigma Aldrich 
(Canada), SprySpringNanomaterials (USA) et NanoAmor (USA) respectivement. 
 









Ce NMs-Cit Dispersion 187 ± 2 10 (DH)204 Citrate  (5 g.L
−1)204 
Ce NMs-PAA Dispersion 1,54 ± 0,02 1-10 (Dp) 
Polyacrylique acide 
(75 % (m/m)) 
Ce NMs-non-
enrobées 
Poudre - 10-30 non 
Ce NMs-non-
enrobées 
Poudre - 15-30 non 
Ce NMs-non-
enrobées 
Poudre - < 25 non 
DH et Dp précise le type de diamètre mesuré ; diamètre hydrodynamique ou 
physique respectivement. Les informations indiquées par 204 sont issues de Tella 





Attaques acides et dosage du Ce total 
Une digestion acide préalable aux analyses de dosage par spectroscopie de masse couplée 
à une induction plasma (ICP-MS) est réalisée sur tous les échantillons y compris comprenant du 
Ce sous forme ionique afin de dissoudre les diverses matrices (ex. algues, filtres) et/ou de 
solubiliser les Ce NMs et/ou les nanoparticules naturellement formées à partir de la solution 
ioniques. Cette digestion est réalisée à 80°C pendant 4 h après rajout de HNO3 et de H2O2 à 20% 
et de 3% (v/v) respectivement puisque le HNO3 à 20% (v/v) seul ne permet pas d’atteindre un 
pourcentage de recouvrement du Ce satisfaisant pour les CeO2 NMs non enrobées (Figure 1). Les 
concentrations initiales des suspensions mères des nanoparticules obtenues sous forme de 
poudres ont également été mesurées suivant ces deux protocoles mais aucune différence 
significative n’a pu être observée entre les deux types d’attaque (Figure 2). 
 
 
Figure 1. –  Pourcentage de recouvrement du Ce mesuré pour les différentes suspensions de Ce NMs 
non enrobées digérées à 80°C pendant 4 h avec du HNO3 seul à 20% (v/v) ou un mélange 




Figure 2. –  Concentrations des suspensions mères obtenues pour les Ce NMs enrobées de citrate et de 
PAA mesurées à 80°C pendant 4 h avec du HNO3 seul à 20% (v/v) ou un mélange 
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Figure 3. –   Evolution de la concentration en cérium totale en fonction du temps de stabilisation (24h) 
avant l’introduction des algues pour les solutions/suspensions de Ce ionique, Ce NMs 
enrobées de citrate et de PAA et CeNMs non enrobées (nominale concentration = 5x10-7 M 
Ce) à pH 7.0 préparées dans des flasques en téflon. 
